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Total harmonic distortion 

Switching period [s] 

Output Voltage [V] 

Variable output voltage [V] 

Variable output voltage in time domain [V] 
Variable output voltage in frequency domain [V] 
Voltage on the capacitor CA [V] 

Variable V, voltage [V] 

Variable V, in time domain [V] 

Variable V, in frequency domain [V] 

Voltage on the capacitor CB [V] 

Variable V, voltage [V] 

Variable V, in time domain [V] 

Variable V, in frequency domain [V] 

Grid voltage [V] 

Variable V, in time domain [V] 

Variable V, in frequency domain [V] 

Input voltage [V] 

Variable input voltage in time domain [V] 
Variable input voltage in frequency domain [V] 
Voltage across the magnetizing inductance L1 [V] 
Voltage across the magnetizing inductance L2 [V] 
Positive peak output voltage [V] 
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ABSTRACT 


This thesis proposes the analysis of two single-stage high-frequency- isolated converters 
suited for grid-tied applications. Firstly, a new modulation strategy to the bidirectional flyback 
converter with differential output connection is introduced. This improved modulation provides 
better performance by reducing the RMS current values for every circuit element, thereby 
contributing to reduced conduction losses. The static analyses of the converter operating in 
both the original and the alternative switching strategies are presented. Dynamic analysis is 
also performed, providing the output-current-to-duty-cycle transfer function of the converter 
connected to a resistive load and coupled to an output voltage source. A 500 W, 20 kHz, 
70 V input voltage and 127 Vs output voltage prototype is presented and experimental 
results comparing the new modulation strategy to the original confirm the theoretical analyses 
and superior performance of the alternative switching strategy. A low THD output voltage is 
achieved for both switching strategies, operating in open loop and in continuous conduction 
mode. The second converter is an active-clamping flyback converter suitable to be used as 
a microinverter in renewable energy applications. The main features of the topology are the 
relatively low component count, high-frequency isolation, voltage step-up capability and zero 
voltage switching. The active clamping allows to recover most of the energy stored in the 
flyback inductors” leakage inductance and thus an improvement on the system efficiency is 
achieved. The static analysis for CCM operation is provided. In addition, an output-current- 
to-duty-cycle transfer function for a resistive load connected to the output of the converter is 
presented. Two switching frequencies of 100 kHz and 50 kHz were tested in a prototype built 
for 500 W, 70 Vinput voltage and 127 Vs Output voltage. 

KEYWORDS: Flyback converter. Soft-switching. Single-stage. Differential output connection. 
High-frequency-isolated. 
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RESUMO 


Esta dissertação propõe a análise de dois conversores de estágio único, isolados em 
alta frequência e adequados para aplicações de conexão à rede elétrica. Inicialmente, é 
introduzida uma nova estratégia de modulação para o conversor flyback bidirecional com 
conexão diferencial. Esta modulação melhorada proporciona melhor desempenho, reduzindo 
os valores de corrente RMS para cada componente do circuito, contribuindo assim para 
a redução das perdas por condução. As análises estáticas do conversor operando em 
ambas estratégias de modulação alternativa e original são apresentadas. A análise dinâmica 
também é realizada, fornecendo a função de transferência da corrente de saída pela razão 
cíclica do conversor ligado à uma carga resistiva e acoplado a uma fonte de tensão. Um 
protótipo com potência de saída de 500 W, 20 kHz, com tensão de entrada de 70 Ve 127 
Vams Na tensão de saída é apresentado e os resultados experimentais que comparam a nova 
estratégia de modulação confirmam a análise teórica e desempenho superior. Uma tensão 
de saída com baixa THD é alcançada para ambas estratégias de modulação, operando em 
malha aberta em no modo de condução contínua. O segundo conversor é um flyback com 
grampeamento ativo adequado para ser utilizado como um micro-inversor em aplicações de 
energias renováveis. As principais características da topologia são o relativo baixo número de 
componentes, o isolamento em alta frequência, possibilidade de ser utilizado como elevador 
de tensão de saída e operação em ZVS. O grampeamento ativo permite recuperar a maior 
parte da energia armazenada na indutância de dispersão dos indutores flyback e, assim, 
uma melhoria na eficiência do conversor é atingida. A análise estática é fornecida para o 
conversor operando em CCM. Além disso, uma função de transferência da corrente de saída 
pela razão cíclica é apresentada para uma carga resistiva na saída. Para este conversor duas 
frequências de comutação de 100 kHz e 50 kHz foram testadas num protótipo construído 
para 500 W, com tensão de entrada de 70 Ve tensão de saída de 127 V,us 
PALAVRAS-CHAVE: Conversor flyback. Comutação suave. Estágio único. Conexão 
diferencial. Isolação em alta frequência. 
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INTRODUCTION 


In recent years, growing concerns for the environment along with the present 
legislation have increased the attention to renewable energy sources. With the constant 
economy growth and development of the industry, the demand for sustainable energy has 
been a recurring theme. In this context, the industry and society, heavily dependent on the 
energy yielded from sources like oil, gas, coal, hydropower and biomass, has its best choice 
in the renewable energy sources for its future progress. 

According to (IEA STATISTICS, 2016), in 2013, 67.2% of the global electricity 
production was from fossil fuel-power plants. Hydroelectric plants provided 16.6%, nuclear 
plants 10.6%, biofuels and waste a total of 2%, while geothermal, solar, wind and other 
sources made up the remainder 3.6%. In 2014, electricity production in OECD (Organization 
for Economic Co-operation and Development) countries fell by 0.8%, mainly the result 
of a decrease in the usage of fossil fuels for electricity production. On the other hand, 
electricity generation from wind (8.1%), nuclear (0.9%) and solar (26.9%) increased in the 
same period. For the countries that are not members of the OECD, which includes Brazil, 
there are still incomplete information on the energy production in 2014, though in 2013 the 
gross electricity production increased 5.4% from 2012. In 2013, as presented in Graph 1, 
73.8% of the non-OECD electricity production was generated from fossil fuels, 19% from 
hydroelectric plants, 4.1% by nuclear plants and 3.1% by biofuels, waste, geothermal/solar, 
and wind capacity. 
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Graph 1 - Fuel shares in electricity production. 
Source: (IEA STATISTICS, 2016) 


In Brazil, current data (Graph 2) show that 61.1% of the electricity production is 
generated from hydroelectric plants, 17.4% from fossil fuels, 8.7% from biomass and 
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wastes, 6% from wind and 1% by nuclear plants (ANEEL, 2016). Considering that 5.3% 
of the electricity consumed is imported from countries like Paraguay, Argentina, Venezuela 
and Uruguay, countries that have as its primary energy source hydropower, only 0.01% 
of the electricity available in Brazil is generated from solar capacity (ANEEL, 2016). The 
perspective, on the other hand, is encouraging. Of all the energy plants under construction, 
33.8% correspond to wind power plants. According to the national governing body of 
electrical energy (ANEEL), the number of homes that generate electricity connected to the 
utility grid have risen from 424 connections in 2014 to 1731 in 2015 with power capacity of 
16.565 kW, being 96.7% from solar power (CIASOLAR). In addition, ANEEL states that an 
increase of 800% of connections is expected for the current year of 2016 in comparison to 
2015. 
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Graph 2 - Fuel shares in electricity production in brazil 
Source: (ANEEL, 2016) 


Although the electricity production from renewables like wind and solar energy 
around the world are still diminutive in comparison to other sources, the International Energy 
Agency (IEA) states that these two are currently the fastest-growing sources of electricity 
globally (IEA, 2016). 

Electricity is generated from the solar energy converting the radiation into electricity 
in photovoltaic (PV) systems. A PV system employs solar panels to supply electricity, which 
are connected to the power grid by means of an inverter that converts the panel's DC output 
power into AC power. Likewise, wind power is converted into electricity using wind turbines. 
In a similar way, the photovoltaic systems and the wind turbines are better integrated to the 
power grid using power electronics to meet the requirements of the electric grid. 

In Brazil, for photovoltaic systems below 10 kW, the INMETRO &17 decree of January 
14%", 2016 states that grid-tied inverters are not required to have galvanic isolation from the 
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input to the output. Similarly, the technical norm NTC 905200 from the power distribution 
company in the Paraná state (COPEL) states that inverters that perform the connection of a 
generator to the utility line does not require galvanic isolation for the same power range of 
10 KW. The non-isolated system configuration, concerning its connection to the utility grid, 
can be performed in a single stage or in two stages, considering a dc power source, as in 
Figure 1. 
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Figure 1 — (A) Two-stage configuration. (B) Single-stage configuration. 


Source: Self-authorship 


However, for isolated configurations, considering a dc power source, the system 
configuration may vary from multiple stages to a single stage, as depicted in Figure 2. 
The most simplistic way to connect a DC voltage source to the power grid using power 
electronics is a system that connects a DC link step-up converter to a DC- AC inverter 
isolated by a low frequency transformer at its output, as Figure 2 (A) shows. The main 
advantages of this system are the robustness and the low cost of implementation. However, 
in systems where higher efficiency is required, better configurations that does not require a 
low frequency transformer are preferred. In this case, either of the converters can provide 
galvanic isolation to the system. One of the advantages of this solution is that the size 
of a transformer decreases as the operating frequency increases. Thereby, either a high- 
frequency isolated DC-DC step-up converter or a high-frequency isolated DC-AC inverter 
replaces its respective counterpart. Figure 2 (B) shows a system that operates with a high- 
frequency isolated DC-DC step-up converter. Ultimately, in order to increase the levels of 
efficiency and to meet the requirements of reduced cost and volume, the energy conversion 
can be performed in a single stage. This configuration consists of a DC-AC inverter that 
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connecis the DC source to the utility grid, as shown in Figure 2 (C). 
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Figure 2 - (A) Two-stage low-frequency-isolated configuration. (B) Two-stage high-frequency- isolated 
configuration. (C) Single-stage high-frequency-isolated configuration. 


Source: Self-authorship 


11 OBJECTIVES 


Although not required for the range of the application, the objectives of this work are 
to study, design and implement single-stage high-frequency isolated micro- inverters suited 
for grid connection of renewable energy sources. Thereby, the rated output power of the 
inverters studied and implemented are below 1 kW, which means that galvanic isolation 
is not required by any of the current standards in Brazil. However, considering that the 
inverters proposed in this study are based on the flyback topology, therefore an isolated 
version of the buck-boost converter, the coupled inductor can benefit the design of the 
converter by means of the turns ratio, which can be used to bolster the efficiency levels of 
the converter. 

Because the output voltage of most photovoltaic panels varies ffom 6 to 24 V, the 
voltage step-up required for a buck-boost inverter in a 127 VRMS grid connection would 
depend heavily on the duty cycle of the converter to reach certain static gain. For a 220 
VRMS grid connection, the problem becomes even more pronounced. On the other hand, 
when the dc power source is a small wind turbine, the voltage levels are usually higher and 
the problem can be minimized. Therefore, the turns ratio of the flyback inductor can help 
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reach higher static gains without degrading the efficiency of the converter. 


21 STATE OF THE ART 


The most common way to obtain a sinusoidal output from a converter is to use either 
a two-level sinusoidal pulse width modulation (SPWM) or a three-level PWM in a full bridge 
converter. According to (CARDOSO, 2007), the main disadvantage of the configuration 
presented in Figure 3, is that this topology cannot be isolated in high frequency due to 
the asymmetric relation of the switching frequency and the waveform of the voltage in the 
primary of the transformer. 


Figure 3 - Low-frequency-isolated full bridge inverter. 


Source: Self-authorship 


The solution for this problem is to use the converter in order to generate a high- 
frequency-isolated ac bus, as previously shown in Figure 2 (B) and (C). 

Regarding renewable energy applications, usually researchers have explored the 
two-stage solution as a boost type converter to step-up the voltage to a higher value for 
the first stage and a full-bridge converter for the second stage to inject current to the grid, 
using a low frequency transformer for grid connection, as in (CAO, MA, et al., 2013), (JAIN 
e SINGH, 2014) and Figure 4. Others have used a low-frequency- isolated full-bridge 
connected to a buck converter that does not require an additional transformer for grid 
connection, as in (CHEN, AMIRAHMADI, et al., 2013). Figure 5 presents a single-phase 
version of the converter presented in (CHEN, AMIRAHMADI, et al., 2013). 

The two-stage configuration in Figure 4 can also be achieved by using different 
topologies for either DC link step-up, such as the Cuk converter proposed in (SYAM e 
KAILAS, 2013) and the boost type converters proposed in (MAROUANI, ECHAIEB e MAMI, 
2012) and (MARIKKANNAN, MANIKANDAN e JAYANTHI, 2014). The possibilities for the 
two-stage configuration are countless for either the first stage or the second stage where the 
combination of different topologies will give different results. 
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Figure 4 - Conventional two-stage configuration. 


Source: Self-authorship 
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Figure 5 — Single-phase two-stage configuration 


Source: Self-authorship 


Itis in the single-stage configuration that lower component count, increased reliability 
and overall higher efficiency levels are observed. Although the DC-AC boost converter 
presented by (CACERES e BARBI, 1999) in Figure 6 is not isolated, the low component 
count, simplicity, low harmonic distortion and the possibility of operating as bidirectional 
converter makes this an attractive design for uninterruptible power supply (UPS) systems. 
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Figure 6 - Boost DC-AC converter 


Source: Self-authorship 


In (HU, CHANG e XUE, 2008) two non-isolated buck-boost converters intended for 
the connection of small wind turbine to the utility grid are presented. Whilst there are no 
isolation between the input and output voltage, the low component count, most directed to 
the switching devices, leads to low cost and potentially higher efficiency levels. 

Itis observed that both converters in Figure 7 have coupled inductors in its circuits, 
which can also be used as a flyback inductor in order to provide galvanic isolation between 
input and output, as presented by (CIMADOR e PRESTIFILIPPO, 1990) and shown in Figure 
8. In this converter, the requirements of low component count, possibility of operating as a 
boost converter and low harmonic distortion are satisfied, as well as the galvanic isolation, 
absent in the converters presented in Figure 6 and Figure 7 (A) and (B). 


(A) 


Figure 7 - Single-stage buck-boost converter. (A) 4 switches. (B) 3 switches. 


Source: Self-authorship 


Furthermore, the single-stage configuration benefits the flyback converter as a DC- 
AC inverter because of its simplicity, low component count, reliability and low harmonic 
distortion in most cases observed. Figure 9 shows a flyback inverter presented in (KASA, 
IDA e CHEN, 2005), in which all the discussed advantages of the flyback converter are 
observed for a single-stage grid connection. 
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Figure 8 - DC-AC flyback converter with differential output connection. 


Source: Self-authorship 


ES 
Figure 9 - DC-AC flyback inverter. 


Source: Self-authorship 


This research aims to study two topologies of converters for the single-stage 
high-frequency-isolated configuration presented in Figure 2 (C). Chapter 2 presents two 
modulation strategies for the high-frequency-isolated DC-AC flyback converter with 
differential output connection previously shown in Figure 8. Simulation and experimental 
results for both modulation strategies for this topology are presented in Chapter 3. An 
intermediate discussion of the results presented in Chapter 3 are presented in Chapter 
4 as well as a new active-clamping circuit for the converter shown in Figure 9. Chapter 
5 exhibit the simulation and experimental results for the converter studied in Chapter 4. 
Finally, Chapter 6 presents the conclusions drawn for the study hereon. 


Introduction 


13 


DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL 
OUTPUT CONNECTION 


The flyback converter is a well-known example of isolated converter, which can be 
used as a single-stage converter for grid application. This chapter presents the topology 
proposed by (CIMADOR e PRESTIFILIPPO, 1990), its operating stages for the original 
switching strategy, voltage conversion ratio, dynamic behavior and the efforts in all elements 
in the circuit. Next, an alternative switching strategy that aims to reduce the current stress 
and voltage levels in all switching devices in the circuit is proposed. Both converters are 
studied operating in continuous conduction mode (CCM). 


11 INTRODUCTION 


The original DC-DC flyback converter is derived from the buck-boost converter. 
However, as an advantage the flyback inductor offers galvanic isolation that the buck- 
boost converter does not have. In addition, the turns ratio of the flyback inductor offers an 
additional degree of freedom in relation to the static characteristics of the converter, which 
means that the voltage conversion ratio is not solely dependable on the duty cycle. 

The differential connection of two DC-DC bidirectional converters switching at 
high frequency allows to create a bidirectional DC-AC isolated converter (CIMADOR e 
PRESTIFILIPPO, 1990). By this definition, these converters produce a DC biased sine wave 
output, so that each converter produces a unipolar voltage. The topology of the converter 
proposed by (CIMADOR e PRESTIFILIPPO, 1990) is shown in Figure 10. This converter 
is originally switched using the complementary switching modulation, whereupon switches 


S, and S,, receive the same command as well as switches S,, and S,,, regardless of the 


2| 
output. That is, assuming that S,, and S,, remains on in DTs seconds, S,, and S,, will 


conduct during an interval of (1- D)T, seconds. 


DC-AC flyback converter with differential output connection 
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Figure 10 - Bidirectional DC-AC flyback converter with differential output. 


Source: self-authorship 


In (SKINNER, 1993), the author proposes a simplification of the model presented 
by (CIMADOR e PRESTIFILIPPO, 1990), as Figure 11 shows. This converter presents 
an interesting modulation strategy in which one of the switches in the secondary of the 
flyback inductor has to remain turned on for a whole semi-cycle of the AC output while its 
counterpart in the primary winding of the flyback inductor remains blocked. Meanwhile, the 
other two switches are commanded with complementary pulses. In other words, while one 
conducts during DT, seconds the other remains on in (1-D)T, seconds, as Figure 12 (B) 
shows. This modulation strategy allows reducing the switching losses in the secondary as 
well as reducing the RMS value of the current in each one of the switches. Figure 12 (A) 
presents the switching strategy for the converter of Figure 10, while Figure 12 (B) presents 
the switching strategy for the converter shown in Figure 11. 
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Figure 11 - Bidirectional DC-AC flyback converter proposed in (SKINNER, 1993). 


Source: self-authorship 
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(A) (B) 
Figure 12 - Modulation strategies. (A) Complementary switching strategy proposed by (CIMADOR e 
PRESTIFILIPPO, 1990). (B) Switching strategy proposed by (SKINNER, 1993). 


Source: self-authorship 


This chapter studies the operation of both modulation strategies shown in Figure 12 
for the converter presented by (CIMADOR e PRESTIFILIPPO, 1990) and shown in Figure 
10. 


21 COMPLEMENTARY SWITCHING STRATEGY 


The circuit of the DC-AC flyback converter with differential output connection consists 


of two switches located in the primary of the flyback inducior: S,, and S,,; two flyback 


1Nº 


inductors (T, and T,) with their magnetizing inductances (L,, and L,,, respectively) and turns 


M2 
ratio of 7:n. In the secondary windings of both flyback inductors there are two bidirectional 


switches: S,p and S, 


»ns and two output capacitors CA and CB acting as output filters. 


The complementary switching strategy in this converter, consists in switching S,, and 
S,y in DT, seconds and both S,, and S,, in (1-D)T, where D represents the duty cycle of the 
converter and T is the switching period. However, to generate an alternate output the PWM 


DC-AC flyback converter with differential output connection 
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carrier is compared to a sine wave that varies from O to 1 with its origin placed in 0.5. The 
output of the converter is positive when D>0.5, which means that the angular variation (a) 
of the sine wave varies from O to p . Similarly, the output is negative when D<0.5, meaning 
thatm<a<2rm. Figure 13 presents the desired output voltage response of the converter 
operating under the complementary switching strategy. 


Figure 13 — Switching signals and output voltage for the complementary switching strategy. 


Source: self-authorship 


2.1 Operating Stages for the Complementary Switching Strategy 


To simplify the analysis, all semiconductors are considered ideal; the flyback 
inductors are modeled as an ideal transformer with their magnetizing inductances L,, and 
L, The turns ratio is defined from the primary to the secondary winding, which reads 7:n. 
The turns ratio is equal to n and is the same for both inductors. 

Figure 14 shows the equivalent circuit of the converter during the first operating 
stage. The dashed lines represent the absence of current in that circuit branch. 
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Figure 14 - First operating stage with complementary switching strategy. 


Source: self-authorship 


In the first operating stage, S,, turns on, charging the magnetizing inductance L,,. 
Considering that S,, and S,, turn on at the same time (see Figure 13), the magnetizing 
inductance L,, transfers energy to the secondary and to the output of the converter. The 
output current in this stage circulates through the capacitor C,, which is connected in series 
with the output load, while C, charges. In this operating stage, S,, and S,, are blocked. 

In the second operating stage of the converter, switch S,, is turned off, and the 
energy in L,, is transferred to the secondary as S,, turns on. Switch S,, turns on to charge 
the magnetizing inductance L,, and S,, is turned off. In this operating stage, the output 
current passes through the capacitor C, while C, charges. Figure 15 shows the equivalent 
circuit of the converter during the second operating stage. 


DC-AC flyback converter with differential output connection 


18 


San 


e É a = 
Issn Iszn 


Figure 15 - Second operating stage with complementary switching strategy 


Source: self-authorship 


In summary, the complementary modulation strategy corresponds to the condition 
where the duty cycles of the two flyback modules are complementary to each other. For 
example, if the upper flyback module is driven by a duty cycle D, the lower by (1-D), and 
vice-versa. 

Itis noteworthy that the implementation of this switching strategy is only possible if 
there is a dead time between the operating stages of the converter, so there is no overlap 
of the control pulses to the switches, which causes short circuit between the primary and 
secondary windings of the flyback inductor. However, neither the dead time nor the impact it 
possibly has on the converter are considered for the analysis of the operating stages. 

Based on the analysis of the two operating stages and the theoretical waveforms 
presented in Figure 16 and Figure 17, the voltages on the magnetizing inductances L,, and 
Ly and the currents through the capacitors C, and C, can be determined as presented in 
Table 1. 


1st Power Stage 2nd Power Stage 
Via = Vin Va = “aj. 
Vi = mA Viz = Vin 
Ica = Is2p — Do Ica = —o 
lee = —L Ice = Is2n — Lo 


Table 1 — Inductors current and capacitors currents for CCM operation — complementary modulation 
strategy. 


Source: Self-authorship 
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Figure 16 — Theoretical waveforms for CCM operation — complementary switching strategy — currents 
and voltages on the switches. 


Source: self-authorship 
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Figure 17 — Theoretical waveforms for CCM operation — complementary switching strategy — voltages 
on L,,/Ly and Currents in C,/C,. 


Source: self-authorship 


2.2 Static Analysis 

Using the principle of the volt-second balance in both magnetizing inductances L,, 
and L,, and the values provided in Table 1, it is possible to obtain the equations of the 
voltages V, and V,, as given by (2.1) and (2.2), respectively. 


-nD 21 

1 p (2.1) 
n(1I—- D) 

== 2.2 

Va E (2.2) 


From the analysis of the circuit presented in Figure 10, itis possible to verify that V, 
=V,-V,. The static gain q is defined as the ratio between the output voltage V, and the 


input voltage V,, as presented in (2.3). 


INÁ 
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V 2D-1 
q=—=—"——— (2.3) 


nV,  D(-D) 


Isolating D in (2.3) results in (2.4), which provides the duty cycle value that ensures 
the operation with a given static gain q. 
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Itis desired that the output voltage behaves as a sine function, where Vp refers to 


(2.4) 


the peak value of the output voltage, as given by (2.5). 


V.(0)=V, sin(o) (2.5) 


o 


Considering that a sinusoidal voltage is expected at the output of the converter, the 
duty cycle D for any given angle of the output voltage is obtained by replacing the definition 
(2.5) into the duty cycle equation (2.4), as shown in (2.6). 


V sin(a 
D(a) = LR *p RO) =94 
2 A sin(a”) V 


IN 


(2.6) 


Itis noteworthy that the same sinusoidal behavior is expected at the output current. 
Figure 18 presents the resulting curve of the duty cycle as the voltage conversion 
ratio increases, given by equation (2.4). 
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Figure 18 - Complementary switching strategy - voltage conversion ratio vs duty cycle. 


Source: Self-authorship 
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Similarly, a modulation index M can be defined as the relation of the output voltage 
by the input voltage, leaving the turns ratio of the flyback inductor as a separate constant of 


the voltage conversion ratio defined in (2.3), as presented in (2.7). 
vv M 
=— (2.7) 


nVy n 


Considering this, the duty cycle can be calculated for different turns ratio by the 
variation of the modulation index. Figure 19 presents the duty cycle calculated for n=7, 2, 
3 and 4, respectively as D,(M), D(M), D(M) and D,(M), for the variation of the modulation 
index M. 


Figure 19 - Complementary switching strategy — modulation index vs duty cycle for different values of n. 


Source: Self-authorship 


2.3 Magnetizing Inductances (L,, and L,,) 

To obtain the equations that determine the magnetizing inductances L,, and L,,, 
the relationship V, =“ , is used. For continuous conduction mode, the inductance values 
that guarantee a given specified current ripple (4!,, and 4/,,)in the currents [,,, and l are 
given by (2.8) and (2.9), respectively. 
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Ln=0— (2.8) 
11 AL f. 
-Vw(1-D) (2 9) 
M2 AL, f. E 


Where fs is the switching frequency. From the converter analysis and considering 
that the output voltage frequency is much lower than the switching frequency, it is possible 
to compute the average values of /,, and |, , for every output current angle of a, as given by 
(2.10) and (2.11), respectively. 


— Ilo) 
uid" (a) (2.10) 
lolo)= (2.11) 


Both maximum and minimum levels of the current in the magnetizing inductance are 
derived from the values of /,,, |, 4l,, and 4l,,. Respectively, equations (2.12) and (2.13) 


L1º 2 
provide the maximum and minimum values for the current in the magnetizing inductances. 


a AI x 
Lx max (a) E Fix (a) + 2 (2.1 2) 
for K=l or 2 
AL, 
Fx min (A) = Tx faj== (2.13) 


for K=1l or 2 
From (2.8) it is possible to conclude that the maximum value of 4/,, occurs when D 
is maximum (a = 7/2) and the maximum value of Al, , occurs when D is minimum (a = 3772). 
In the particular case of a sinusoidal output voltage, it can be verified the validity of D = 
(1-D.). In this case, if L,, = Ly, = L,, the maximum values of 4/,, and 4!,, are equivalent, 
as given by (2.14). 


— Vi Ea — Vw (1 = Din ) 


fL FL (2.14) 


Li L2 


2.4 Output Capacitors (C, and C,) 


The value of the output capacitance is selected to ensure that the output voltage 
ripple is constrained within the required specification. The relationship |, = & “Yc/ is used to 
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obtain the equation that determines the output capacitance of the converter. In steady state 
and continuous conduction mode, the output capacitances C, and C, are given by (2.15) 
and (2.16), respectively. 


LD 
(=—E— (2.15) 
MV, 

L(I-D 
goste”) D) (2.16) 
AV. f, 


Where, 1, is the average value of the output current and AV, is the output voltage 
ripple. 

For a positive DC output voltage, the maximum voltage in capacitor C, is given by 
(2.17). 


Vi= top) (217) 
Whereas equation (2.18) gives the maximum voltage for C,, 
A Eve (2.18) 
D 


For an alternate current operation, the maximum voltage across the output capacitor 
C, occurs when a = 172, in other words, the peak voltage over C, occurs when the output 
voltage reaches its maximum value in the positive semi-cycle. Similarly, the maximum 
voltage across C, occurs for a = 31/2, when the output voltage reaches the minimum (most 
negative) value in the negative semi-cycle. Equations (2.19) and (2.20) give the average 
voltage over C, and C,, respectively, for any given angle value of the output voltage. 


Vl=Vwrto (a) (2.19) 
cv (-D(a)) 
Vela) = Vdt “Dl (2.20) 


Therefore, the output voltage for both capacitors C, and C,, with the converter 
operating an AC output, is given by (2.21). 


Veoola)=Vi(a)-Vo (0) (2.21) 


25 Switch S,, 


To specify the semiconductor technology used in the converter, maximum, RMS 
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and average current values, as well as the maximum voltage applied in each one of the 
semiconductors must be known. 

Based on the theoretical waveforms presented in Figure 16, the average current in 
S,p for a single switching period is determined by (2.22). 


lp (2.22) 


I stpmin)5 


siPp D (ipi Lg 
The maximum current is obtained from the equation of the magnetizing inductance, 
defined by (2.8). Therefore, for Al, = [1 


StPmax Iipminl: Ismar 


“VyD 
SiPmax L q S1Pmin 
M TA 


is given by (2.23). 
(2.23) 


Concerning the output current reflected to the primary, or 1,.n, and the relation that 
the average currentin S,, has with the input current | 
I 


S1Pmin 


|» the equation that defines the current 


is given by (2.24). 
po no VyD 
S1Pmin (1-D) 2Luj, 


(2.24) 


As the converter operates an AC output, the current | assumes the variation of 


StPmin 
the output current as a product of the sinusoidal variation of the duty cycle, as presented in 


(2.25). 


lo(a)n - VyD(a) 


Lutas. (2.25) 
PR | ) (1-D(a)) 2f E, 
The same applies to the current pm» àS described by (2.26). 
I =1 df Lia) 2.26 
sipma (4) = sipads (0) + , ( o ) 
IL 
To obtain the average currentin S,, from Oto 21%, the equation that defines the line 
from 1o,pmin 10 Isspmax NAS to be known, as given by (2.27). 
1! max I min t 
Lap = — TRE + E sipmin (2.27) 
If integrated from Oto DT, as presented in (2.28), (2.27) results in (2.22). 
l DT, Is ? max -=1, º min t 
Dê a) ( SIP ma S1F ) 47 dt (2.28) 


) DT S1Pmin 


s 


Thus, the average currentin S,, for an AC output is defined by the integral equation 
in (2.29). 
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tar = Ure (SD omon(0)) (a) 2.29) 


SIP ACT 27 
0 


Regarding the RMS current in S,., in case of an alternate output operation, an 


1P 
equation is obtained from the RMS current definition applied to (2.28), which reads as given 


by (2.30). 


TA (2.30) 
Resolve the integral presented in (2.30) to obtain (2.31). 
l 2 = 
Ta RMS = 33 ea + E oipma E oipmin Ez Eoipmin ) D (2.31 ) 


Finally, the RMS value of /S,, can be obtained using the RMS definition from O to , 
applied to (2.31), as given by (2.32). 


(2) 


1 2z PER (a) + Esipmin (6) Eira (o)+ Esipma (a))D o 
27 | 3 


0 


ia (2.32) 


Esp “RMS T 


The maximum voltage across the switch also varies with the output voltage of the 
converter and it reaches a maximum value when a = ,, as given by (2.33). 
Vila) | Avo(a) 


Voip (0º) =Vo E o (2.33) 


Ultimately, the method adopted to obtain the equations that define the average 
and RMS current values presented in this section are used throughout this work for every 
component of the circuits presented. 


26 Switch S,, 


Considering that S,, is turned on during the second operating stage, the average 
current in S,, according to the hatched area in Figure 16 for a voltage V >0 is given by 
(2.34). 


1-D) 
Ian = (Isin max + Low ni) (2.34) 
2n 
The values Of |s,nmax ANA Io nmin AE given by (2.35) and (2.36), respectively. 
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PR ACO) (2.35) 
D pd Ly f, 


In Vw (1-D) 


Ivo = 2.36 
SINmin D 2L, A ( ) 


For an AC output the current value of [,.,,,p Nas its value dependent on the angle a, 
as presented in (2.37). 


nd, (a) s Vw (1-D(a)) 


Lus(a)= (2.37) 
PR | ) D(a) 27 Lu 
Therefore, in accordance to (2.35), I5,nmax (à ) can be determined by (2.38). 
I Vu (l-D(a 
E sinmas (a) - tejo + — ( ( ) (2.38) 
D(a) 2 f,Ly 


The average value of the current in the switch S,, in AC operation can be calculated 
by the integral in (2.39). 


1 f Ulsiam (0) Isiumo (2) 1 D(2) (2.39) 


In = 57 > 


0 


Equation (2.40) provides the RMS value of the currentin S,, 


- 1 fUtem (a) + Ein mas [04 | Pora (a) + Low min (0))(1 - D(a)) 
SIN RMS 27 : 2 


I da 


(2.40) 


The maximum voltage across S,, is observed when the output voltage reaches its 
minimum in the negative semi-cycle (V <0) when a = *Y,, as given by (2.41). 
Vala) AVo(a) 


+——— 2.41 
n 2 ) 


Von (a) =Vy + 


2.7 Switch S,, 


Figure 20 shows that the current in the magnetizing inductance during the first 
operating stage circulates through S,,. During the second operating stage, the current /,,, 
is reflected to the secondary winding, circulating through S,, and transferring the energy to 


the output. 
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“Is 1Pmax 


- S1Pmin 


=| S1Pmax 


| S2Pmin 


“IszPmax 


Figure 20 - Current through switches Sp and S,,. 


Source: self-authorship 


Therefore, a relation between the current in S,, and S,, in respect to the charge/ 
discharge of the magnetizing inductance can be described as given by (2.42) for Ispmax ANA 


by (2.43) for Iosemin 
I ms LET (2.42) 


S2Pmax — 
n 


I — Erpmio (2.43) 


S2Pmin 
n 
Similar to the previous switches, the average current value of S,, is equal to the 
area under the trapezoidal form of the current in Figure 20. Thus, /,,p can be determined 


by (2.44). 


(1-D 
Içap = (E sapmas + Esapmin DC (2.44) 
The values Of Iospmin ANA 1oopmax CAN De Written in terms of alpha, as given by (2.45) 
and (2.46), respectively. 
— sipmin (01) 
Isapyin (4) O (2.45) 
— sima (01) 
E oopmax (01) Ra (2.46) 


n 


Therefore, equation (2.47) provides the means for calculating the average value of 


the currentin S,. 
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I = l | Usam (0) + 1sspuis (0 ))(1— D(0º)) 


2 
0 


da (2.47) 


In a similar approach, one can determined the RMS value of [,,p, as given by 


I 


1 f Usar (a) + Isapmin (OM apa (a) + Içapmas (o))(1 - D(a)) 


S2P RMS T 
E 27 3 


da 


(2.48) 


The maximum voltage over switch S,, is observed when a = "/,, in accordance to the 
result provided by (2.49). 


42% 


Vop (0) =Vyn+V, (0º) (2.49) 


28 Switch S,, 


Figure 21 shows that the current in the magnetizing inductance during the second 
operating stage circulates through S,,. The current |, ,,, is reflected to the secondary winding 
in the first operating stage, circulating through S,, and transferring the energy to the output. 

Therefore, a relation between the currentin S,, and S,, in respect to the charge/ 
discharge of the magnetizing inductance can be described as given by (2.50) and (2.51), 


respectively, for Iconmax ANA Ioonmin” 
I. 
— —* SIN max 
Is 2N max — n (2.50) 
qm 
I — — SINmin (2.51) 
S2Nmin n 
Vo>0 Vo<0 
0 0 
| | | 
S7Nmax 
DT. [(1-D)Ts] 
lim2 E t 000 Isanmin 
“IsiNmin t 
(1-D)Ts 
Issnmax 
Isin 00 Isinmin 
Ê 
— — — — — — Isinmadh 
Iszn toco Isqnmin/h 

-Is2nmin ni E o t 
-Is2nmax OS seio Posdioeo ago fui eine Ig tNmax/ n 


Figure 21 - Current through switches S,, and S,,, 


Source: self-authorship 
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The average current value in S 


» Dased on the waveforms presented in Figure 21, 


is given by (2.52). 


D 
Icon E (com mas + san min) (2.52) 


Equations (2.53) and (2.54), respectively, provide the minimum and maximum current 
values in S,, 


) = E sinmin (a!) 


Losnin (A (2.53) 
n 
Deincõe LO 
Eoovimas (0) = = 5 (2.54) 
The average current /., for an AC output is given by (2.55). 
si ms + (am max (a) + Em min (0)D(2) (2.55) 


27 % 


p4 


The calculation of the RMS current values of leon 


can be performed as presented in 


(2.56). 
1 e (ia min (o) + Içan min (a) Içan max (a) + san ma (0))D(a) 
Ioan crus = 27 (24 
x 4% 3 
(2.56) 
The maximum voltage across switch S,, is observed when a given by (2.57). 
Vsav (0) = Vynt+ Vo (a) + (2.57) 


2.9 Small-signal Analysis for the Complementary Switching Strategy with 
Resistive Output Load 


In this section, a transfer function is obtained for the converter operating with a 
resistive output load as depicted in Figure 22. In this work, the transfer functions obtained 
follow the small-signal analysis proposed by (ERICKSON, 1997). 
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Figure 22 — DC-AC flyback converter with differential output connection operating a resistive load. 


Source: self-authorship 


From the volt-second balance in the magnetizing inductances L,, and L 
obtain equations (2.58) and (2.59). 


(ra) = a(0)(V ()rato(SA (9) RE, 


m ONE can 


(ru) = a(o (20) rato (v (9) (2.59) 


Where d “(t) stands for (1- d' (t)). 

Assuming that AC variations are much smaller than the respective quiescent values, 
the nonlinear equations (2.58) and (2.60) above can be linearized by perturbing the DC 
components (V,, V, and V,), resulting, respectively, in (2.61) and (2.62). 

Va Ê Va a Va 


A Ea à 
+| Dvy+dVy—-D2+d2 |+| dvytd 
n n n 


Ly l 


dim q Jim =| Du, -D' 


dt dt n 


(2.61) 


A 
A A A 


dlmo dim , V E v V "v 
Ly, | — EU + — tu? |p Yy-D— +| D'vy-dVy — Ed + dvd 


(2.62) 


The small-signal equations are defined by the 1º order terms of the equations (2.61) 
and (2.62), determined as given by (2.63) and (2.64), respectively. 
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A A 


di A 


Ea tm =Dva+t d Vy —D' Pa + ava (2.63) 
dt n n 

is dim =D'+M Viy “du De dv, (2.64) 
“dt n n n 


The variable v,, is considered null from this point on because it is assumed that there 
will be no variation in the input voltage of the converter. Thus, the Laplace transform of 
equations (2.63) and (2.64), returns (2.65) and (2.66), respectively. 


SLyr im(s)=—D'TA O sais A Z ++ d(s)V, (2.65) 
o pe vals) 
SLyo irya(s) =— -d(sp-t é 2 = d(s)V, (2.66) 


Similarly, using the principles of the capacitor charge balance over one switching 
cycle, one obtain the equations (2.67) and (2.68). 


(ica) =d (1) (-iy (1)+d (8) (cisan (1) —b (1) (2.67) 


(ico) = (Misa (D+ io (0) + d (e) (is (1) (2.68) 


Applying perturbations to the equations (2.67) and (2.68), results in (2.69) and (2.70). 


dv, a o A A í A . A 

Cl dt ad =[- —D Ioop — LoJ+ [- =D iartdIsap |+| iso (2.69) 
dV, REA : A A A A 

Cp | saio Eruid de =[- =D' Isoy+ 1 J+|-Disoyed Iso + à) EM (2.70) 


The second order terms of (2.69) and (2.70) are neglected while the DC terms vanish 
as they satisfy the steady state analysis of the converter. The remaining 1% order terms in 
(2.69) and (2.70) are as shown, respectively, in (2.71) and (2.72). 


A 


dv 


Cs e o o D'isaptd Ia, — lo (2.71) 
dv, ê í 2792 
Ca dt =-—Disy— dIsa + [o ( ) 
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Applying the Laplace transform in (2.71) and (2.72) result, respectively, in (2.73) and 
(2.74). 


sC,vals)=-D'issp(5)+ d(S) Loop — in(8) (2.73) 


sC, Vo(s)=-Disn(s)- d(S) Ion + in(S) (2.74) 


The relation between ".,, (s) and ,,, (5) is described by (2.75) and the relation 


between em (s) and Eua (s) is presented in (2.76). 


LM 


A 


aa (s)= du (s)D! (2.75) 


n 


A 


isav (5)= ima (s)D (2.76) 


n 


Therefore, isolating the equations (2.65) and (2.73), in respect to the relation 
presented in (2.75), for E igei (s), one obtains, respectively, (2.77) and (2.78). 


into) =D 4 a(s) — A + (9) = (2.77) 
sLyn sLyn sLy 
E sC,vi(s)n id(s)n “2 
imi(s) = A + E +) 5a (2.78) 


And isolating both (2.66) and (2.74), in respectto (2.76) for ts (s) give, respectively, 
(2.79) and (2.80). 


im(s)=DEO ay E a(o) (2.79) 
sLyon sLyon SLyo 
iga(s) = Enaloo O gs) imo (2.80) 


By substituting (2.77) into (2.78) it is possible to derive (2.81),which provides the 
small-signal behavior of the voltage V ,( s). 


V, 
A [Va Ya JD" 2 
E SL! E sL 
v,(s) = d(9)| 55 A -— urmet Lj) Curl | (281) 
D'+sLaCn D'+sLaCn D'+sL, Cn 


DC-AC flyback converter with differential output connection 


34 


Similarly, substituting (2.79) into (2.80) gives the small-signal variation of the voltage 
across the output capacitor C,, as given by (2.82). 


Va 
R (Vu Yi Ju > 
n SLiesdoso sLyn 
—Vp (9)= d(s) ADA ursinr  | ils 9 D + —— | (2.82) 
D'+sLoCr D+sLCn +85 LC? 


Knowing that L,,=L,=Ly and C,=C,=C,, one can determine (2.83) and (2.84) 


DA 
A A Da F Pá o sLy I 


vals)=d(s) 


A sL 2 
= MM (ita (2.83) 
D'+s'L,Cn D'+sL,Cn D'+sL,Cn 


V 
(vo + “Ju A 2 
A A n SE R sL,n 
=Vp(s)=d(s) as an, =io(s) CRE RE (2.84) 
D'+sLCn D'+sLCn D +s L,Cn 
From the converter analysis it is possible to verify the validity of (2.85). 
Vols) =v,(s)— vols) (2.85) 


Then, the small-signal variations of the output voltage can be considered V ( s) by 
substituting (2.83) and (2.84) into (2.85)., which results in (2.86). 


“a Ji (vn +") 
(Vo +"y Jnp FEM PIA Va LD Man MP 


p mtu f E sLyn” sLyn” 
vols) = d(s)| += ros Tt —S ros 3, 3 | ig(s)| 5 + 
D'+sL,Cn D'+sLCn D+sL, Cn D+sL,Cn D'+sL,Cn D+sL, Cn 


(2.86) 


For the particular case of a resistive output load, where V (s)=f,(s) R,, the duty 
cycle to output current transfer function is given by (2.87). 


ils) BS+BsS+Bs+B 


Gl sa AS+AS+AS ASIA, (2.87) 


Where: 


B, = Cr (Tm +m2) 
B, = LC [V, —V,D+Vyn+V,D] 
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B, =-Lyn(D' Im +Tim2 =2Dl ,u» +D'1,m2) 


B,=(1-D) D[V,D+V, -V,D+Vyn] 


Á, E 4 CnR 


A =21Cn! 


A =L,CrºR,(D+(1-D)) 


A, =Ln(D' +(1-D)') 


A=R,(1-D) D 


o 


2.10 Small-signal Analysis for the Complementary Switching Strategy Coupled 
to an Output Voltage Source 

tis possible to divide the spectrum of the converter in two portions, one related 
to the fundamental frequency harmonices and the other that concerns the switching 
harmonics (CALZO, LIDOZZI, et al., 2013). The alternate output voltage/current operates 
in the fundamental frequency of the grid, but the ripple of this output presents undesired 
frequencies that are related to the converter switching behavior. The analysis presented in 
section 2.2.9 for an output linear load is not well suited for grid- tied applications because 
of the intrinsic high-frequency harmonics caused by the switching frequency of the 
semiconductors. Therefore, a filter is needed for reducing the high-frequency harmonics, 
allowing low frequencies to pass through, at the output of the converter. Figure 23 presents 
the circuit of the converter with an inductive filter to reduce the high-frequency harmonics. 

The operating stages of the converter remains the same, although the voltage across 
the output inductive filter must be analyzed. 
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Figure 23 — Complementary switching strategy coupled to an output voltage source. 


Source: Self-authorship 


In the first operating stage (Figure 24), what differs from the analysis presented in 
section O is that the current previously identified as 1, is identified here as /,, to indicate 
the presence of the inductive filter. Therefore, the voltage on L, is obtained from the mesh 
which gives (2.88). 


analysis of the circulating current /,,, 


Vo =Va—Va —Vo (2.88) 


lim2/n Isan 


Figure 24 - 1 operating stage - complementary switching strategy coupled to an output voltage source. 


Source: Self-authorship 


E) 


The same considerations of magnetizing inductances” voltages and capacitors 
currents are valid for the second operating stage (Figure 25). The resultant voltage V,, from 
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the mesh analysis of /,, is the same as the voltage presented in (2.88). 


—- 7 É 1 = e 
Isan lm2/n Isan 
Figure 25 — , operating stage - complementary switching strategy coupled to an output voltage source. 


Source: Self-authorship 


Under these conditions, the volt-second balance on the magnetizing inductances L,, 
and L,, remain the same as respectively presented in equations (2.58) and (2.59). Thus, the 
frequency domain equations with the 1º order small-signal components are also the same 
as (2.65) and (2.66). 

The capacitor charge balance of C, and C, return the same equations as well, 
although the name of the current |, presented in (2.67) and (2.68), changed to |,,, as 
presented in (2.89) and (2.90), respectively. 


(ia) =d (tio (1) +d (0(Ful is(o) (2.89) 


n 


n 


(ico) = ao(s j, (0) +d (tiro (1) (2.90) 


The linearization of (2.89) and (2.90) results in (2.91) and (2.92), respectively. 


A A 


Je do ; a 
C,| —4 +, 54 -| D'-ua ha [é put quo; |+|dlull (291) 


dt dt n n n n 
dV. dv Lo MS E PP 

C —B4 Va =| —-D'—1M2 +, Fa -pim q Mp ij, -Id lima (2.92) 
dt dt n n n n 


Neglecting the second order terms and knowing that the DC terms of (2.91) and 
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(2.92) will vanish, it is possible to determine equations (2.93) and (2.94), respectively. 


a 


54 va (5) =—D'igus(5)+ d (5) Et 5 (5) (2.93) 


UM 2 (s) 


n 


sC, Vva(s)=-D “a(s Ju sis) (2.94) 
n 


Finally, the Volt-second balance of the output inductive filter is defined by (2.95). 


(Vo) =(v, Va —Va) (2.95) 
Perturb (2.95) to notice that only the voltage constants and first order terms remain 
in the equation, as given by (2.96). 
d ir 
dt 


L 


o 


= [Va Va Vo) | va vote | (2.96) 


Considering that no small-signal variations are expected at the grid voltage (VG), the 
variable V, is neglected from this point onwards. Therefore, the equation on the frequency 
domain obtained from the Laplace transform of the first order terms of equation (2.96) and 
presented in (2.97). 


A A 


sL, ME )=v,(s)-va(s) (2.97) 


The equations presented, result in a system of five equations and five unknown 


variables, namely V, (S), V5 (S), 1,m(S), lim (S) and f,, (s), as presented in (2.98). 


BAR OM E E, Us dis Va + d(s)VN 

n n 
stusiao) =D aloe -aloy, 
sCava(s)=-D'icy (5) + (5) PE = jo (5) (2.98) 


A o VEN í 
SC, Vols)=—D — d(s) Mt +iro(s) 
n n 


Lo iro(s)=v,(5)+va(8) 


The desired control to output transfer function is obtained by eliminating the unknown 
variables of the system of equations presented in (2.98) in order to obtain the transfer 
function presented in (2.99). 
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Eot$) Bs'+B,s +Bs+B, 


Where: 


B,=-C Ly n(Lm+Imo) 


o TM 


B, = Clyn” (V, 


IN 


n+DV,+(1-D)V,) 


B=Lyn(LaaD? + (1-D)') 


A,=2C,L, nº +C,LyLyD'n' +C Ly (1-D) nº 
A, =0 
A =L,D'n'+L,(1-D) nº+LD'(1-D) 


A,=0 


31 ALTERNATIVE SWITCHING STRATEGY 


a(s) “CAS+HAS+AS+AS+AS+A, 


(2.99) 


For a positive voltage output (V0>0), the alternative switching method consists in 


the respective voltage at the output of the converter. 


switching S,, in DT, seconds and S,, in (1-D)Ts seconds, while keeping switch S,, on for 
the whole positive semi-cycle and S,, off. For a negative voltage output (V,<0), switch S,, 
is triggered in DT, and S,, in (1-D)T, witch switch S,, on for the whole negative semi-cycle 
and S,, off. Figure 26 shows the switching signal for the alternative switching strategy and 
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BEBA 


Figure 26- Switching signals and output voltage for the alternative switching strategy. 


Source: self-authorship 


The main advantage of this switching strategy lies on the alternative path that the 
output current finds through the secondary winding of the flyback inducior when either S,, 
is on, during the positive semi-cycle, or S,, is on, during the negative semi- cycle. In other 
words, this switching strategy spares the converter from the switching losses descendant 
from the complementary switching strategy between S,, and S,, when V >0 and between 
S, and S,, when V <0. By implementing this switching strategy, due to the reduction of 
switching losses and RMS current values in all four switches, higher efficiency levels 
are expected. However, due its complexity, the implementation of this switching strategy 
requires better hardware, whilst the complementary switching strategy can be performed 
with simple solutions. 


3.1 Operating Stages for the Alternative Switching Strategy 


The DC-AC flyback converter with differential output connection operating with the 
alternative switching strategy in continuous conduction mode (CCM) has a total of four 
different operating stages, although only two by semi-cycle of the output voltage. It means 
that there are a first and a second operating stages for a positive semi-cycle (V,>0) and 
another first and second operating stages for a negative semi-cycle (V,<0). 

During the first operating stage for V,>0, switch S,, is turned on, charging the 
magnetizing inductance L,,. Capacitor C, discharges to the output load through switch S,,, 
and the secondary winding of the flyback inductor. Figure 27 highlights the equivalent circuit 
during the first operating stage for V,>0. 
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Figure 27 — 1º operating stage for the alternative switching strategy (V,>0). 


Source: self-authorship 


In the second operating stage for V,>0, S,, turns off, S,, turns on and S,, remains 
on. During this stage, the energy stored in the magnetizing inductance L,, is transferred to 
the secondary of the flyback inductor and to the output through S,,. With both S,, and S,, 
turned on, the output voltage V, is reflected to the primary winding of the flyback inductor 
over the magnetizing inductance L,,. The equivalent circuit of the second operating stage 
for V,>0 is presented in Figure 28. 


San 
= 7 Da 
Isin Iszn 


Figure 28 — 2Nº operating stage for the alternative switching strategy (V,>0). 


Source: self-authorship 


When the voltage output crosses zero and becomes negative (V,<0), the operating 
stages of the converter are symmetrical but different ffom the ones presented in Figure 27 
and Figure 28. In the first operating stage for V,<0, S,, is turned on, charging the magnetizing 
inductance L,,. The output capacitor C, discharges to the output load through switch S,,, 
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which is on, and the secondary winding of the flyback inductor. Figure 29 highlights the 
equivalent circuit for the first operating stage when V,<o. 


Szn 
— fin Ce 
Isin Isan 


Figure 29 — 1º operating stage for the alternative switching strategy (V,<0). 


Source: self-authorship 


During the second operating stage for V,<0, switch S,, turns off, S,, turns on and 
S,p remains on. The energy stored in the magnetizing inductance L,, is transferred to the 
secondary winding of the flyback inductor and to the output. Considering that both switches 
S,p and S,yare on, the output voltage V, is reflected to the magnetizing inductance L,,,. The 


equivalent circuit of this operating stage is shown in Figure 30. 


Figure 30 — 2Nº operating stage for the alternative switching strategy (V,<0). 


Source: self-authorship 
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Itis noteworthy that the implementation of this switching strategy is only possible if 
there is a dead time between the operating stages of the converter, so there is no overlap 
of the control pulses to the switches, which causes short circuit between the primary and 
secondary windings of the flyback inductor. However, neither the dead time nor the impact it 
possibly has on the converter are considered for the analysis of the operating stages. 

From the analysis of the two operating stages for V,>0, the voltages across the 
magnetizing inductances L,, and L,, and the currenis through the output capacitors C, and 
C, are determined as shown in Table 2. 


1º Power Stage 2nd Power Stage 
Via = Vin Va = op 
Viz =0 Viz=0 
lca = —Lo Ica = Iszp — do 
Icp=0 Icp=0 


Table 2 — Magnetizing inductances' voltages and output capacitors” current — alternative switching 
strategy. 


Source: Self-authorship 


The theoretical waveforms derived from the analysis of the operating stages are 
presented in Figure 31. 
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Figure 31 — Theoretical waveforms of the alternative switching strategy 


Source: self-authorship 


3.2 Static Analysis — Alternative Switching Strategy 


Assuming that the voltage conversion ratio q derives from the voltage levels over the 
magnetizing inductances (L,, and L,,) during both operating stages for either V>0 or V.<o, 
ag(t) is defined by (2.100). 


Y  nD 


0 


Viv “(1-D) 


q= (2.100) 
Isolating D in (2.100) results in the equation of the duty cycle that ensures the 
operation with a given voltage conversion ratio, as presented in (2.101). 
V 


0 q 
=D — = 2.101 
NV +Vo (1+q) 


Similar to the previous modulation analysis, a sinusoidal behavior is expected at the 
output of the converter. Replacing (2.5) into (2.101) gives (2.102), which determines the 
duty cycle value that ensures a sinusoidal output voltage for any given angle alpha. 
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V, sin(ct) 
E 2.102 
nVy +V, sin(a) ( ) 
Considering that from mto 2 the duty cycle of S,, has to be zero and S,, has to be 
one, the equation that defines the duty cycle for these switches have to obey the conditions 
set by (2.109). 


q(o) 
I+g(a) 
D,(a)= (2.103) 
Osm<a<Im 


2 U<M 


Similarly, switches S,, and S,, have to obey the opposite conditions that defines the 
duty cycle for S,, and S,, to guarantee the symmeiry of the converter, as given by (2.104). 


=q(a) 
I-g(a) 
Dy(a)= (2.104) 
0Osa<r 


Sa<a<2m 


Therefore, peak positive output voltage is obtained for a = "/, ffom equation 


D,(a)Von 
(1-D(a)) 


Similarly, peak negative output voltage is obtained by evaluating (2.106) at a = *,. 


Vos “POS (a) = (2.1 05) 


v Dy(a)Von 


pe weg (4) = “T-D, (0) (2.106) 


Figure 32 presents the resulting curve of the duty cycle as the voltage conversion 
ratio increases, given by equations (2.103) and (2.104). 
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Figure 32 - Alternative switching strategy - voltage conversion ratio vs duty cycle. 


Source: Self-Authorship 


As the duty cycle depends on the modulation index M, given by (2.107), different 
duty cycles can be found for different values of n. Figure 33 presents the variation of the 
duty cycle D,,(M), D,((M) and D,.(M), respectively for n=1, 2 and 3, considering a positive 
output voltage. 


M =qn= (2.107) 


IN 


[e 
[o 
9) 
9) 
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Figure 33 - Alternative switching strategy — positive modulation index vs duty cycle for different values of 
n. 


Source: Self-Authorship 
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3.3 Magnetizing Inductances (L,, and L,,) 


In continuous conduction mode, during the first operating stage, the voltage across 
the inductor L,, is given by (2.108). 


I 
Vix (1) = L, a = 
dt 


V 


IN 


(2.108) 


In order to guarantee a maximum current ripple, L,, is calculated according to 
(2.109). Due to the converter symmetry, L,, must have the same inductance value as L,,. 


(4 
VinD, (2) 
Ly = Lj =——£ (2.109) 


Using the principles of the capacitor charge balance in C,, one can determine 


la =D, (=) +(1=D, )(nl ur =) 
0=-D,L+(1-D,)(nl—10) (2.110) 
0=nl,m— 1, Dpnl,m 


Solving (2.110) results in (2.111), which can be used to determine the average current 
through L,, within a switching cycle for a given angle alpha. A similar analysis can be carried 
out for C,, resulting in the average value of IL,, as given in (2.112). 


ha (00) = — AD (2.111) 


(2.112) 


The maximum and minimum values of the current in the magnetizing inductance can 
be derived from the values of |, and 4!,. Equations (2.12) and (2.13), respectively, presents 
the maximum and minimum magnetizing current values. 

From (2.109) itis possible to conclude that the maximum value of 4!,,, occurs when 
D, is maximum (a = 1/2) and the maximum value of 4/,, occurs when D, is maximum (a = 
3112). 


3.4 Output Capacitors (C, and C,) 


During the first switching stage, the current in the output capacitor C, is determined 
by (2.113). 


Dia oil (2.113) 
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Integrating (2.113) over the duration of the first stage yields (2.114). 


LD 
AV f — (2.114) 
AVI, 
When the converter operates with alternate output voltage, C, and C, are equal and 
determined by the equations (2.115) and (2.116). 


C; = 1o(75)Do(74) (2.1 15) 
AVof, 


(876) Du(274) 


C,= (2.116) 
AVof, 


3.5 Switch S,, 


Based on the theoretical waveform of the current in S,, (see Figure 31), the current 
Isspmin fOr à given angle alpha, imposed by the variation of the duty cycle D,(a), can be 
determined by (2.117). 


= ViDp, (a) 


ni, (a) 
Epi (E) =7————— “Ba 
sibuia À ) (1-D,(a)) 27 Ei ( ) 
Similarly, /S,pmax has its value in accordance with (2.118). 
VnDo la 
Eira (a) E Esipmin (a0) + “Pelo (2.1 1 8) 


fly 


The average value of the current through S,, can be calculated over a period of the 
output voltage by the integral equation (2.119). 


Espa) = A Usirma (0) + Irma (09) Dr) 


da 2.119 
27 4 2 ( ) 


Notice that the integral is evaluated is from zero to p because S , is turned off from 


p to 21. Therefore, the RMS current | is given by (2.120). 


SIP RMS 


] 3 [adia (a) + E oipmin (0) sra (a) + E oipmas (o) Jp, (a) 
Esp aus(A)= 2 O 


(2.120) 


The voltage across S,, for any given value of a is determined by (2.121). 
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Va 
Vop(a)=Vi + fm (2.121) 


Both current and voltage reach its maximum values in S,, when a = "/,. 


3.6 Switch S,, 


The value of the current / 


sopmin With a given value of a is calculated as shown in 
(2.122). 


A (o) o Va D, (o) 


Io mia (2) = E (2.122) 
E (1-D, (0º) 2 fLyu 
Equation (2.123) provides the maximum current for S,p. 
VnDo (a 
oops (a) = E oapmin (a) pn (2.1 283) 


fly 


On solving the integral equation (2.124), one can determine the average value of 
the current through S,,. Itis noteworthy that this value takes into consideration an alternate 
output voltage waveform. 


tu (0) = 1 [Usar (0) + Isa om (0) Do(08) 


pa [94 2.124 
2% q z ( ) 


Regarding the RMS value of / 


op it can be derived from equation (2.125). 


da 


n 2z LAR (a) + Içapmas (4 É PRA (a) pr Içapmin (a) (a - D, (a)) 
Isop aus (O) = Í 


27 3 


(2.125) 


Considering a particular value of alpha, the voltage across S,, has its value given 
by (2.126). 


Vop(0!) =Vt+Vo pos (0º) (2.126) 


3.7 SwitchS,, 


Taking into consideration that the two operating stages for V,>0 produces the same 
equations as the two operating stages for V.<0, confirmed by the voltage conversion ratio 
q(t), the equations of the currents and voltages for S,, are similar to the equations defined 
for S,,. The difference lies in the duty cycle equation, the former defined for D, in (2.104) 
and the latter defined for D,in (2.103). Thus, the maximum values for currenis and voltages 
in S, are observed when D, is maximum, which occurs at 371/2. 


Therefore, resembling the equation presented in (2.117), the current / 


sinmin IS given 
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by (2.127). 


o ni(a) VwDyla) 
sm (= q) E (2.127) 


In a similar manner, one can determine [max àS given by (2.128). 


Vin D, ( (24) 
js Ly 


The average value of the current through S,, is determined by solving (2.129) 


Eoinmax (0) = 1oinmin (a)+ (2.128 


a, (a)=E]º di min (a))D, (0) (2.129) 


Equation (2.130) provides the means for calculating the RMS value of S,,. 


as FER min (a) + sin min (0º) Isinmax (a) + E sin max (0))D, (a) 


Ian .mes(a)= ge 3 da 
(2.130) 
Finally, the voltage across S,, for a given alpha obeys (2.131). 
Vox NEG (a) 
Van (a) =Vy += — (2.131) 


3.8 Switch S,, 
The considerations made for S,,, regarding the duty cycle and the similarity between 
S, and S, are valid for S,, and S,, as well. Thus, the current Im IS given by (2.132). 


I, ( &) o Vw D, ( a) 


(I-D,(0)) 2fLy (2.132) 


san min (a) = 


The maximum current value [,,umas Used to define the average and RMS current 


values in S,, can be determined by (2.133). 
Vw D, (a) 
Içanmas (a) = Ega nmin (a) + . (2.1 33) 
f, Ly, 
The average current value of /.,, results from the solution of (2.134). 
5 &)+ Iso a)i-Dala 
am aja ql $S2 PR | S2N | )( N ( )) la (2.134) 
27 4 2 

The integral equation (2.135) is used to derive the RMS value of the current through 

Sw 
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2 28 Eae max (a) + Ison max (0) FI sayacta (a) + san min (o))(1 - D, (a)) 


Isa aus (0º) = da 
S2N RMS 27 ! 3 
(2.135) 
The voltage on S,, for any given a is given by (2.136). 
Vol 0)= Van+Vo neo ( o) (2.136) 


3.9 Small-signal Analysis for the Alternative Switching Strategy with Resistive 
Output Load 

From the Volt-second balance in the magnetizing inductances L,, and L,,, one can 
obtain the equations (2.137) and (2.138). 


(ua) = (is (a (EL) (2.137) 


n 


(rua (1) = d (O) (opaco ( e (2.138) 


n 


Applying small perturbations on (2.137) and (2.138) yields, respectively, (2.139) and 
(2.140). 


A A A 
A A 


. ; V 
dim , Lim | Du Aa Je DusdVi = spo A dad ae dvd 


Va 


M1 dt dt n n 
(2.139) 
di di V 14 
L..| Cum (Clima |) TB |4| 8 2.140 
M2 dt dt | n | n ( ) 


Ignoring second-order terms and knowing that the DC terms will vanish, on can 


determine the linearized small-signal equations (2.141) and (2.142). 


Lay =DvytdV, -D'Va + da (2.141) 
t n n 

Sima = Ds 2.142 

na a = dh (2.142) 


Applying the Laplace transform to (2.141) and (2.142) and neglecting perturbations 
on Y, , results in (2.143) and (2.144), respectively. 
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Lui (5)=d(5)Vy — DÊ a(s) a (2.143) 


n n 
é Vols 
Lya tua (8) =— a (2.144) 


From the principles of capacitor charge balance, the equations (2.145) and (2.146) 
are obtained for C, and C,. 


(ont) = atoa rato (ul qo) (2148) 


(ica(D)= ao(s) re to(2 (o) (2.146) 


n 


Equations (2.147) and (2.148) are determined by applying small perturbations to 
(2.145) and (2.146), respectively. 


A A 


f dd AM, dy, =[D'Ip —1o]+| Dito; q lua || qi (2.147) 
dt dt n n da 
dV, d Luiô Mm? 
“sê En re -| a + a (2.148) 


As previously done, the DC and second-order terms are neglected, thus yielding 
equations (2.149) and (2.150). 


sC,v, (5)= Dils) 7 (o) q (5) Jum (2.149) 
n n 

r Eua lS) o 

sC, vs(s)= RA Dri(s) (2.150) 
n 

Isolating Tal s) in (2.143) and (2.149) result in (2.151) and (2.152), respectively. 

, d(s)V, E í 
im(s)= (mw pal), (sa (2.151) 

sLy sLyn sLyn 
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Eu bisjn “al sC,val(s)n 
ina(s) =" + pf, Havafsle (2.152) 


Substituting (2.151) into (2.152) yields (2.153). 


A 
PA [Ea + v Ja sLynl Ê sLyn? 
( de io [2 AE) 


— SO | (2.153) 
D'+sL,Cn  D'+sL,Cn D'+s L,Cn 


Similarly, using (2.144) and (2.150) one can determine (2.154). 


ve (om ils rt (2.154) 


l+sL,C,n 


Considering that v, (s) = V, (s) - V, (s) , itis possible to derive (2.155). 


D'+s'L,Cn” D'+sL,Cn 


A , 

A a ( ; +Va Ja ê . E 
n sLunl : sLyn sLy nº 
vols)=d(s) E 70 [ee o | | 


D'+s'L,Cn cio(s) I+sL, Cn º 


(2.155) 


Finally, the output current to duty cycle small-signal transfer function is given by 
(2.156). 


o(s) Bs+Bs+Bs+B, (2.156) 
a(s) AS'+AS +AS +AS+A, 
Where: 
B="Ly LuC 


B,=n'(1-D)L,C,(Vyn+V,) 
B = 
B,=(1-D)(Vn+V,) 

A =n"Ly C)R, 

A =2m'L€, 

A, =n"R,LyC, (D' -2D+2) 
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A =n'Ly(D'-2D+2) 


A=R,(D'-2D+1) 


o 


3.10 Small-signal Analysis for the Alternative Switching Strategy Coupled to 
an Output Voltage Source 

The small-signal analysis presented in section 2.3.9 considers the converter feeding a 
resistive output load. However, in order to operate connected to the utility line, the converter 
must be designed to operate injecting current into a voltage source. The coupling between 
the output filter of the converter with the voltage source is realized by adding L, to the circuit. 
Figure 34 presents the circuit of the converter for a designed for grid connection, where VG 
represents a given value of the utility grid voltage, which can be treated as constant within 
a switching cycle. 

As mentioned in section 2.2.10, the output inductor L, presented in Figure 34 acis 
toward limiting the ripple in the current injected in the voltage source V.. 


Figure 34 — DC-AC flyback converter with differential output connection coupled to an output voltage 
source. 


Source: Self-authorship 


The analysis is performed by analyzing either the output voltage as V >0 or V <o. 
However, in accordance to the circuit presented in Figure 34, the analysis presented in this 
section consider the positive semi-cycle of the output voltage. 

Similar to the circuit presented in Figure 27, the first operating stage of the converter 
connected to the utility line is presented in Figure 35. However, here the system has ao as 
another state to be considered in the dynamic analysis. The mesh analysis of the voltage 
on L, gives a voltage value, in the first operating stage, as presented in equation (2.157). 
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(2.157) 


a —> — 
Isqn luan Isan 
Figure 35 - 1% operating stage - alternative switching coupled to an output voltage source. 


Source: Self-authorship 


Conveniently, the mesh analysis of the voltage on L, during the second operating 
stage (Figure 36), presents the same sum of voltages described by equation (2.157). 


Isan Ima/n Iszn 


Figure 36 - 2" operating stage - alternative switching coupled to an output voltage source. 


Source: Self-authorship 


Therefore, the voltage balance of the L, inductance is given by (2.158). 


(Vio) =d(t)(v, —V; —voj+d'(e)(v, —Vp —Ye) (2.158) 


Applying small perturbations in (2.158) results in (2.159), where the DC and second- 


order terms and also variations of V, were neglected. 
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a 


di sa: 


Lo do =VAr Va (2.159) 
( 


The Laplace transform of the equation (2.159) returns (2.160). 


SLoiny (8) =Va(s)+Vo(s) (2.160) 
The equations that define the voltage balance on both magnetizing inductances 
Ly and L, respectively presented in (2.137) and (2.138), remain the same. Therefore, 


their Laplace transforms are the same as well, as reintroduced, respectively, by equations 
(2.161) and (2.162). 


Syria (s) = d(s)Vn Ex pralel, d (+ (2.161) 
sLya isa 2(s)= o(s) (2.162) 


On the other hand, the current that defines the equations for the capacitors charge 
balance C, and C,, respectively, in (2.145) and (2.146) changes from Ito /,,. Thus, resulting 
in (2.163) and (2.164), respectively. 


io (0) = atoa io ) (2.163) 


(ics(D)=d (of (4) +iro (9)+a of (1) +iro (9) (2.164) 


Proceeding similarly, one can derive (2.165) and (2.166) from (2.163) and (2.164), 
respectively. 


sC,v,(s)= pulo); (s)- a(s) lua (2.165) 
sC, va (s)= lima (8), els) (2.166) 


n 


Overall, the small signal analysis of the converter connected to the utility line, 
presents five fundamental equations and five unknown variables, namely Ema (s), E ué (s),V 
“u(s), V,(s), and ,, (s), summarized in the system of equations presented in (2.167). It is 


considered in the analysis that L,,=L,,=Ly and C,=C,=C. 
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a A A 


sLy imls)=d(s)E-D'v, (s)+d(s)-4 


n 
sLy lim? (s) E vas) 
n 

A e A I A 

sC, v, (s)= DL - a(s) ij (5) (2.167) 
n n 

a E i a Ss 

SC, Vvels)= ir (5) falo) 


sLoiso(5) =, (5) va (8) 


The desired control to output current transfer function is obtained by eliminating the 
unknown variables of the system of equations in (2.167), which returns the transfer function 
presented in (2.168). 


a(s) AS+AS'+AS +AS +AS+A, 


(2.168) 


B,=CL,(1-D)nV,+CL,(1-D)nV,, 
B=Lylm 
B=(1-D)V,+(1-D)nV,, 

A =C)Ly Lynº 


A,=0 


A =2CLy'nº +CLulo(1=D) nº +Clulpr 
4,=0 
A=Ly(1-D)nº+Ln+L(1-D) 
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A =0 


41 CONCLUSION 


Itis presented in this chapter a dc-ac bidirectional converter with differential output 
connection and two switching strategies. The converter is a differential connection of two 
de-dc bidirectional converters designed to operate in high- frequencies in order to generate 
a dc-ac high-frequency-isolated converter. The converter attends the initial proposal 
presented in Chapter 1, and subsequently introduced in section 2.1 of a single-stage high- 
frequency-isolated converter for grid connection. 

Two switching strategies are presented hereon. The first is the original switching 
strategy proposed by (CARDOSO, 2007), (CACERES e BARBI, 1999) and (CIMADOR e 
PRESTIFILIPPO, 1990), studied in depth. In addition, a new contribution is made in the 
control to output current transfer function of the converter connected to the utility grid. 
The second switching strategy has not been studied before and envisions improving the 
efficiency of the converter by means of reducing the RMS current of the switches in both 
windings of the flyback inductors. Also in this chapter, a transfer function of the duty-cycle- 
to-output-current for a linear load and another that presents the converter connected to the 
utility grid has been presented. All currents and voltages for all components of the circuit are 
studied in depth for both switching strategies. 
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DESIGN, SIMULATION AND EXPERIMENTAL RESULTS OF A 
DC-AC FLYBACK CONVERTER 


11 INTRODUCTION 


This chapter presents the project of the converter analyzed in Chapter 2. First, a 
design methodology is proposed in order to determine and satisfy the design requirements. 
Initial calculations based on the requirements shows that a single converter is able to handle 
both switching strategies. This procedure allows a fair comparison between both switching 
strategies as well as the authentication of the alternative switching strategy's advantages. 
The calculated values in the design methodology are confirmed by means of numerical 
simulation and put into comparison for choice of components. Finally, experimental results 
are shown for open-loop operation and some considerations towards the dynamics of the 
converter are made. 

Figure 37 presents the sign conventions for voltages and currents adopted for the 
design of the dc-ac flyback converter. 


“To Isan 


Figure 37 - DC-AC flyback converter with differential output connection. 


Source: self-authorship 


21 DESIGN METHODOLOGY 


The design methodology starts with the presentation of the requirements in Table 3, 
which are carried from one modulation to another, considering that the original intent is to 


share the same prototype. 
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Input Voltage E IV] 
RMS Output Voltage Vous 1V] 
Active Output Power P.IW] 
Switch Frequency ft. IH2] 
Coupled Inductor Current Ripple A, 1%] 
Output Voltage Ripple Ay, 1%] 
Coupled Inductor Turns Ratio n 


Table 3 - List of project requirements. 


Source: Self-authorship 


Once the requirements are known, one can follow the steps of the scrip below to 
design the converter. 


* | Determine the peak output voltage; 
* | Calculate the duty cycle to obtain the required peak output voltage; 


* | Calculate the magnetizing inductance based on the values for peak output 
power; 


* | Calculate the output capacitance C, and C,; 
* | Calculate the maximum voltage over C, and C,; 


* | Calculate the average and RMS current values and the maximum voltage for 
the semiconductors. 


31 REQUIREMENTS SPECIFICATIONS 


Considering that the main goal of this thesis to design single-stage high- frequency- 
isolated inverters for power grid connection, it has been chosen a small wind turbine 
simulator available at the laboratory of the Federal University of Technology of Paraná as 
power supply. An algorithm designed to simulate the behavior of a wind turbine controls the 
motor-generator setup that generates a rectified 70Vdc when its speed is set for maximum 
speed. The requirements of output voltage (127 VAC) and grid frequency (60 Hz) of the 
converter were adopted to match the voltage standard of the Paraná state in Brazil. 

Initially, a 1kW output power was considered, but further investigation revealed that 
such output power would lead to low efficiency, due to switching and conduction losses. 
In order to work with lower current levels, an output power of 500 W was adopted. This 
decision allowed the converter to operate lower current levels, which ultimately lead to lower 
magnetizing inductances; therefore, a possible reduction in the leakage inductance. 
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As well as the output power, the switching frequency had to be reduced once the 
switching losses were calculated. Initially stipulated as 100 kHz, concerns about the driver 
technology that would be used and switching losses that could potentially degrade the 
overall efficiency of the converter, led to the decision of reducing the switching frequency to 
20 kHz. In addition, a potential high leakage inductance could do devastating damage to the 
converter in higher switching frequencies. 

As seen in equations (2.8) and (2.109), the higher the current ripple becomes, the 
lower the magnetizing inductance is. The same can be said about the switching frequency, 
where higher switching frequencies results in lower magnetizing inductances. Therefore, 
because of the switching frequency adjustment from 100 kHz to 20 kHz, a large current 
ripple had to be adopted for the coupled inductor. This allowed the converter to operate with 
smaller magnetizing inductances. 

The turns ratio of the flyback inductor were defined as n=7 in order to observe 
the same current efforts in all four switches and to reduce a potential issue caused by 
parasite and leakage inductances. This was considered an interesting point, where the best 
semiconductor technology is, by date, rated for voltage levels below 600V. On the other 
hand, there is the considerable disadvantage of not using the turns ratio of the coupled 
inductor as a way to boost the output voltage. Thus, the voltage conversion ratio of the 
converter relies solely on the duty cycle of the converter, as predicted in equations (2.3) 
and (2.100). Another limiting factor is that, the prototype had to be designed to operate with 
both switching strategies and perform with satisfactory efficiency levels for the purpose of 
comparison, which means that this requirement is not optimized for none of the switching 
strategies. 

Table 4 summarizes the requirements adopted for the design of the dc-ac flyback 
converter with differential output connection. 


Input Voltage E 70 V 
RMS Output Voltage LA 127 V 
Output Voltage Frequency f 60 Hz 
Active Output Power P, 500 W 
Switching Frequency f, 20 kHz 
Coupled Inductor Current Ripple A, 50 % 
Coupled Inductor Turns Ratio n 1 


Table 4 — DC-AC flyback w/ differential output connection - requirements specifications. 


Source: Self-authorship 
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Despite the active output power presented in Table 4 is 500 W, the maximum power 
processed by each semi-cycle is twice the desired average output power. Therefore, the 
actual active output power considered to calculate the values presented in Table 5 is 1 kW, 
which corresponds to the power processed when a=r1/2anda=3r1/2. 


41 NUMERICAL SIMULATION 


This section presents the simulation results obtained for the complementary and 
alternative switching methods. The value of the components used for both simulations are 
presented in Table 5 and were calculated based on the requirements presented in Table 
4. The calculations presented for the complementary switching strategy are presented in 
Appendix A, while the calculations for the alternative switching strategy are presented in 
Appendix B. 

The values presented in Table 5 confirms that the alternative switching strategy has 
the advantages of operating the same output power with smaller duty cycle and reduced 
Ss 


RMS current in all four switches (i.e. S EE 


S, and S,), although the magnetizing 


1Pº 
inductance calculated is higher for the alternative switching strategy. 


Complementary SW' Alternative SW? Difference (Comp/Alt) 
Maximum Output Voltage 179.6 V 179.6 V == 
Maximum Duty Cycle 0.744 0.72 3.33 Y% 
Magnetizing Inductance 239.328 uH 253.704 uH -5.66 % 
Mag. Inductance Current 21.767 A 19.853 A 9.64 % 
Output Capacitors 3.974 uF 414 uF === 
Capacitors Max. Voltage 221.176 V 179.6 V 23.14 % 
Average Current (S ,,) 3.571 A 3.571 A 0% 
RMS Current (S,,,) 8.941 A 7.548 A 18.45 % 
Max. Voltage (S ,) 273.664 V 249.605 V 9.638 % 
Average Current (S,,) 3.571 A 3.571 A = 
RMS Current (S,,) 8.941 A 7.548 A 18.45 % 
Max. Voltage (S,,) 273.664 V 249.605 V 9.638 % 
Average Current (5,,) 0A 0A =-=- 
RMS Current (5,,) 6.636 A SIT A 14.86 % 
Max. Voltage (S,,) 273.664 V 249.605 V 9.638 % 
Average Current (5,,) 0A OA =-=— 


1 Calculations presented in Appendix A 
2 Calculations presented in Appendix B 
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RMS Current (S 6.363 A SIT A 14.86 % 
2| 


Max. Voltage (S,,) 273.664 V 249.605 V 9.638 % 


Table 5 — DC-AC flyback w/ differential output connection - calculated values. 


Source: Self-authorship 


4.1 Complementary Switching Strategy 


The simulated circuit for the complementary switching strategy is presented in Figure 
38. All simulations were performed by power electronics simulation software PSIMO. 


IH 
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o 


Figure 38 - Simulation circuit - complementary SW 


Source: self-authorship 
Figure 39 presents the simulation results for the output voltage of the converter and 


its FFT analysis. It is noticeable that the converter almost produces no additional harmonic 
content in open-loop without any duty cycle linearization. 
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Vo 


60 120 180 240 300 360 
Frequency (Hz) 


0.02 0.04 0.06 0.08 0.1 THD 
Time (s) 


Fundamental Frequency 6.0000000e+001 HZ 
Vo 9.0688774e-002 


(A) (B) 
Figure 39 - Non-linearized output voltage. (A) V,. (B) FFT / THD. Source: self-authorship 


Figure 40 presents the step response of the non-linearized control to output current 
transfer function presented in section 2.2.9. The duty cycle step given to obtain the result 
presented was of D=0.05, which elevates the original duty cycle of D=0.744to D=0.794. 


9 Simulated ada 
RR MA A O 
7 Step Response | 
6 PANARAAA Ko E | € 
E A 
4 
0.05 0.051 0.052 
Time (s) 


Figure 40 — Validation of the non-linearized output-current-to-duty-cycle transfer function — step of 0.05 
in D. 


Source: self-authorship 


For smaller duty cycle variations, the non-linearized transfer function presents more 
accurate response, as presented in Figure 41 for a duty cycle variation of D=0.02. 
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Figure 41 — Validation of the non-linearized output current to duty cycle transfer function - step of 0.02 in 
D. 


Source: self-authorship 


The duty cycle of the converter can be linearized, using the equation presented in 
(2.4) for a given voltage conversion ratio. For the requirements given in Table 4, the voltage 
conversion ratio, as presented in (2.169), is 2.566. 


Gee E go toi (2.169) 
En TOxl 


The linearized duty cycle of the converter presents a waveform of the output voltage 
even more similar to a sinusoidal waveform, which reduces the already low harmonic 
content, as presented by Figure 42 (B). Figure 42 (A) shows the simulation result of the 
output voltage with the duty cycle linearized, using the equation given by (2.170). 


pop talo) (2.170) 


2a(a) 
The small signal linearized duty cycle of the converter is defined as the partial 
derivative of (2.170), given by (2.171). 


d=>q (2.171) 


Substituting (2.170) into (2.171), results in (2.172). 


d= D2+Vg +4 q (2.172) 


q q +4 
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Time (6) Fundamental Frequency 6.0000000e+001 HZ 
Vo 5.7557829e-002 
(A) (B) 


Figure 42 - Linearized output voltage. (A) V,. (B) FFT / THD. 


Source: self-authorship 


Therefore, for a given voltage conversion ratio, equation (2.172) returns the equivalent 
small signal variation of the duty cycle. The comparative response for a voltage conversion 
ratio of the linearized control to output current transfer function with the simulated circuit 
(Figure 38) is presented in Figure 43. The step given was of q=0.5. 


5 sepfegeno a | ii 
É (een lj | II) UA 
65 pro era a il a 


6 1444 
DO] | 
55 CR E 


0.049 0.0495 0.05 0.0505 0.051 0.0515 0.052 
Time (s) 
Figure 43 — Validation of the linearized output current to duty cycle transfer function - step of 0.5in q. 


Source: self-authorship 


Because of the superior results presented with the linearization of the duty cycle, 
the following waveforms presented hereon are waveforms of the converter operating with 
the linearization of the duty cycle by the angular variation of the voltage conversion ratio 
presented in (2.170). 

Figure 44 shows the PWM pulses of the complementary switching method for each 
resultant output voltage (V,). 
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Figure 44 — PWM command for (A) Positive semi-cycle (V,>0). (B) Negative semi-cycle (V,>0). 


Source: self-authorship 


Figure 45 presents the waveforms of the currents in all four switches for both semi- 
cycles of the output voltage. The similarity of the simulated waveforms and the theoretical (see 
Figure 16) confirms the assumptions made to obtain the equations presented in Chapter 2. 
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Figure 45 - Simulated current waveforms in all four switches - complementary switching strategy. 


Source: self-authorship 
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The maximum voltages for switches S,, and S,, are registered for V,>0 when a=ri2. 
Figure 46 presents the waveforms of the voltage variation over switches S,, and S,p. These 
waveforms confirm the theoretical waveforms in Figure 16. 


VSIP vs2P 
300 300 
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200 200 
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50 [o 
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0.03736 0.0374 0.03744 0.03748 0.03736 0.0374 0.03744 0.03748 
Time (s) Time (s) 
(A) (B) 
Figure 46 — Simulated voltages waveforms for V >0in (A) S,,. (B) S,p- - Complementary switching 
strategy. 


Source: self-authorship 


Similarly, the maximum voltages over switches S,, and S,, are registered for V,<O 
when a = 3172. Figure 47 presents the waveforms of the voltages over switches S,, and S,, 


for a maximum output voltage in the negative semi-cycle. 
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Figure 47 - Simulated waveforms for V,>0in (A) S, (B) S,y - Complementary switching strategy. 


Source: self-authorship 


Table 6 presents the comparison of all the calculated values (using the proposed 
design methodology in section 3.2) with the results obtained via numerical simulation. 
These results were judged accurate enough to validate the calculations presented and for 
the purpose of comparison. 


Design, simulation and experimental results of a DC-AC flyback converter 


69 


Variable Calculated' Simulated Difference 
(Calc./Sim.) 

RMS Output Voltage Vo RMS 127V 125.9V 0.88 % 
Peak Output Voltage Vpk POS(TV2) + AVo/2 203.664 V 196.7 V 3.55 % 
Avg. Output Current lo (7/2) 5.568 A 5.516 A 0.95 % 
Input Current le (1772) 14.286 A 14.086 A 1.42 % 
Mag. Inductance Current IL (1/2) 21.767 A 21.387 A 1.78 % 
Peak Current (S,,) IS, max(772) 27.209 A 26.791 A 1.57% 
Average Current (S,) IS,o (0—2m1) 3.571 A 3.507 A 1.83 % 
RMS Current (S,,) IS, RMS (020) 8.941 A 8.747 À 2.22% 
Max. Voltage (S,,) VS,p (1/2) 291.176V  29621V 1.69% 
Peak Current (S ,) IS, max(3772) 27.209 A 26.795A 1.55% 
Average Current (Sa) Sn (0—2m1) 3.571 A 3.508 A 1.8 % 
RMS Current (S,) IS, RMS (027) 8.941 A 8.75 A 2.19% 
Max. Voltage (S,) VS 82) 291.176 V 296.21 V -1.69 % 
Peak Current (5, ) IS, max(172) 27.209 A 26.773 A 1.63 % 
RMS Current (S,,) IS, RMS (021) 6.363 A 6.308 A 0.88 % 
Max. Voltage (S,,) VS,plTU2) 291.176V 296.18 V 1.68% 
Peak Current (S, ) IS, max(3772) 27.209 A 26.795 A 1.55 % 
RMS Current (S,,) IS, RMS (027) 6.363 A 6.308 A 0.88 % 
Max. Voltage (S,y) VS, lST2) 291.176 V 296.21 V -1.69 % 


Table 6 — Complementary SW — comparison of results. 


Source: Self-authorship 


For the analysis of the transfer function of the converter coupled to an output voltage 
source, it is necessary to understand that system described by the transfer function acts 
like an integrator. This characteristic is given by the term A, in (2.99), which is always equal 
to zero. Therefore, when the transfer function is submitted to a step in the duty cycle, the 
response is integrated for infinity, as presented in Figure 48. 


3 Calculations presented in Appendix A 
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Figure 48 — Complementary switching strategy — open loop step response of the transfer function of the 
converter coupled to an output voltage source. 


Source: self-authorship 


This response is an indication that the converter cannot operate connected to 
the utility grid in open loop. Therefore, in order to validate this transfer function, a simple 
PI controller, designed for the sole purpose of stabilizing the output was designed and 
simulated. The response of the converter and the transfer function in this simulation are 
presented in Figure 49. 
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Figure 49 — Complementary switching strategy — closed loop step response of the transfer function of 
the converter coupled to an output voltage source. 


Source: self-authorship 


In this case, the small-signal duty cycle d (s) has to be taken from the output of the 
controller, which is made by subtracting the duty cycle of the steady-state operation when 
the step is applied, leaving only the small variations of the duty cycle. This operation is 
depicted in Figure 50, where: ref is the current reference; step(ts) is the current step given 
in ts; C(s) is the controller; D/d is the operation performed; G(s) is the plant of the converter; 
DC(s) is the duty cycle as an output of the controller C(s); and Dst is the steady-state duty- 
cycle before the step. 
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Figure 50 — Complementary switching strategy — small-signal duty cycle operation. 


Source: self-authorship 


4.2 Alternative Switching Strategy 


The simulated circuit of the converter operating with its alternative switching strategy 
is presented in Figure 51. 


Figure 51 — Simulated circuit — alternative switching strategy. 


Source: self-authorship 


Figure 52 presents the output voltage of the converter and its FFT analysis. Through 
simulation it is noticeable that the alternative switching strategy presents higher harmonic 
content than the complementary switching strategy (Figure 39) in the third, fifth and seventh 


harmonics. 
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Figure 52 — Non-linearized output voltage (A) V,. (B) FFT / THD. Alternative switching strategy. 


Source: self-authorship 


The open loop transfer function of the alternative switching strategy is presented in 


Figure 53. The step response of the duty cycle to output current transfer function presents 


a better response, in terms of transitory behavior. In Figure 53 the difference of the average 


output current is 96 mA before the step and 208 mA after the step in the duty cycle. 
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Figure 53 — Non-linearized output current to duty cycle transfer function validation — step D=0.05. 


Source: self-authorship 


The duty cycle of the converter can be linearized in order to reduce the low frequency 


harmonics and correct the waveform of the output voltage to a sinusoidal form. As described 


for the complementary switching strategy, the duty cycle of the converter can be linearized 


for a given voltage conversion ratio q. Considering that the requirements for both switching 
strategies are the same, the value for q=2.566 described in (2.169) is valid for the alternative 


switching strategy as well. The duty cycle of the converter for any given angle of a is 
presented in (2.103) for switches S,, and S,, and in (2.104) for switches S,, and S,, The 
simulation result of the output voltage obtained from the linearization of the duty cycle is 
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presented in Figure 54. 
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Figure 54 — Linearized output voltage (A) V,. (B) FFT. Alternative switching strategy. 


Source: self-authorship 


In comparison to the results presented in Figure 52, the simulated output voltage in 
Figure 54 presents a waveform that best resembles a sinusoidal waveform, which can be 
confirmed by the reduction of the harmonics in Figure 54 (B). 

The linearization of the small-signal variations of the duty cycle dis obtained by the 
partial derivative of equation (2.101) as presented in (2.171), which results in (2.173). 


2 A 


Viv 


d=[|——u (2.173) 
(Van =Vn + Voy ) 

Therefore, for a given voltage conversion ratio q, (2.173) returns the equivalent duty 
cycle. Figure 55 presents a comparative response of the simulated circuit with the duty 
cycle to output current transfer function from a step of q=0.5. The difference before the step 
between the circuit and the transfer function is 96 mA and after the step is given, when the 
current settles, the difference goes to 109 ma. 
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Figure 55 — Linearized output-current-to-duty-cycle transfer function validation — step of 0.5in q. 


Source: self-authorship 


Because the results were better with the linearization function, the results presented 
in this section are exclusive to this condition. 

Figure 56 shows the PWM pulses for all four switches in the simulated circuit and 
the equivalent response of the output voltage. It is noticeable that, in order to use the 
same output capacitors (C, and C,) in the converter, the output voltage ripple is bigger 
than the voltage ripple registered for the complementary switching strategy. This is due 
to the equation of the capacitor being dependent on the duty cycle and the duty cycle 
(for the same voltage conversion ratio) being lower in the alternative switching strategy. 
Under these circumstances, the output voltage varies from 1153 VI to 12017.4 VI, registering 
a variation of 148.35 VI in both semi-cycles, as depicted in Figure 56. 

The output voltage ripple considered for the alternative switching strategy is AV, = 
28% while in the complementary it is 19.5%. 
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Figure 56 — PWM command for (A) positive semi-cycle (V,>0). (B) Negative Semi-cycle (V,>0). 


Source: self-authorship 
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Figure 57 presents the waveforms of the currents in all four switches for the positive 
semi-cycle (A) and for the negative semi-cycle (B), both when the output voltage reaches its 
maximum. It confirms the theoretical waveforms presented to derive the equations for the 
current in the switches in section 2.2 Figure 16. 


Vo>0 Vo<0 
SIP LS1P 
25 
20 22 
5 15 
10 10 
5 5 
0 o 
Ls2p 1.82P 
25 0 
20 2 
15 
+4 
10 
5 & 
o + 8 
LSIN LSIN 
5 25 
2 20 
15 15 
1 10 
5 5 
O —ee 0 
1.S2N LS2N 
0 28 
2 
2 
15 
“ 10 
” 5 
o 
002076 00208 002084 002088 00124 001244 = 01248 001252 
Time (8) ime (5) 


Figure 57 — Simulated current waveforms in all four switches — complementary switching strategy. (A) 
Positive Semi-cycle. (B) Negative Semi-cycle. 


Source: self-authorship 
Figure 58 shows the current in the magnetizing inductances, which proves that the 


alternative switching strategy operates in the continuous conduction mode (CCM) in both 
positive and negative semi-cycle. 
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Figure 58 — Alternative switching strategy — simulated current waveforms of the magnetizing 
inductances (A) V >0. (B) V,>0. 


Source: self-authorship 


Variable Calculated' Simulated  Diff. (%) 
RMS Output Voltage Vo 127V 125.8V 0.96 % 
Peak Output Voltage m pos (neo) AVo/2 204.083 V 204.93 V 0.43 % 
Quasi-Inst. Output Current | (1/2) 5.568 A 5.547 À 0.38 % 
Input Current I, 14.28A 14.24 A 0.29 % 
Mag. Inductance Current 1 (2) 19.85 A 19.81 A 0.21 % 
Cap. Peak Voltage V(mv2) 7 Vb(Srv2) 179.6V 179.2 V 0.23 % 
Peak Current (S,,) Issp max (TU2) 24.81 A 24.8A 0.05 % 
Average Current (S,) e 3.51 A 3.45 A 1.74 % 
RMS Current (S ,) nd 7.54 A 7.52A 0.27 % 
Max. Voltage (S ) Voo (102) 274.03 V 2NMVo 108% 
Peak Current (S ) ant max (STV2) 24.81 A 24.26 A 2.27 % 
Average Current (S .) ei 3.51 A 3.55 A 1.12% 
RMS Current (Sa) NAME 7.54 A T.32A 3.01 % 
Max. Voltage (S ) Voa (STV2) 274.03 V 270.96V 1.14% 
Peak Current (S,) Iszp mas (TU2) 24.81 A 24.76 A 0.21 % 
RMS Current (S,,) apiáis 5.77 A 5.76 A 0.18 % 
Max. Voltage (S,,) VezplTU2) 274.03 V 270.96 V 1.14% 
Peak Current (S,,) a (STV2) 24.81 A 24.26 A 2.27 % 
RMS Current (S,,) dis SIT A 5.69A 1.41% 
Max. Voltage (S,) Vel STU2) 274.03 V 27111 V 1.08 % 


Table 7 — Alternative SW — comparison of results. 


4 Calculations presented in Appendix B 


Source: Self-authorship 
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The transfer function of the converter coupled to an output voltage source is validated 
the same way it is for the complementary switching strategy. Similarly, in the alternative 
switching strategy the system acts like an integrator, which makes the converter instable for 
open loop operation. Figure 59 shows the step response of the transfer function. 


Figure 59 — Alternative switching strategy — open loop response of the transfer function of the converter 
coupled to an output voltage source. 


Source: self-authorship 


Because A, is zero in (2.168), the step response of the converter in open-loop 
tends to infinity. Therefore, as proposed for the complementary switching strategy, the step 
response of the transfer function is stabilized using a controller. 

A PI controller was designed to generate the step response presented in Figure 60, 
where the response of the circuit is compared to the response of the transfer function. From 
this comparison, itis possible to conclude that the response of the transfer function predicts 
with good fidelity the behavior of the converter. 


10 — Simulated Circuit 
Step Response 
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“Step Response 
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Figure 60 — Alternative switching strategy — closed loop response of the transfer function of the 
converter coupled to an output voltage source. 


Source: self-authorship 
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For controlling and extracting the small signal variation of the duty cycle, the same 
scheme proposed in Figure 50 was used. 


4.3 Comparison of Simulation Results 


The simulation results presented for the complementary and alternative switching 
strategies, respectively, in Table 6 and Table 7 demonstrate relative accuracy with the 
calculated values. The average difference of the values displayed in both tables are 2%. 
Therefore, considering this proximity between calculated and simulated parameters, Table 
8 presents the difference of the results obtained by means of simulation between both 
switching strategies. This comparison confirms the prerogative of the alternative switching 
strategy of decreasing the RMS current values in the semiconductors of the circuit. 


Variable Complementary Alternative | Diff. (%) 
RMS Output Voltage É Fis 125.9V 125.8 V 0.08 % 
Peak Output Voltage Va rose) + AV/2 196.7 V 204.93 V 4.01 % 
Avg. Output Current 1 (12) 5.516A 5.547 À 0.55 % 
Input Current (TZ) 14.086 A 14.24 A 1.08 % 
Mag. Inductance Current 1 (TV2) 21.387 A 19.81 A 7.97 % 
Peak Current (S,,) LR (1/27) 26.791 A 24.8A 8.03 % 
Average Current (S,) +o (021) 3.507 A 3.45 A 1.66 % 
RMS Current (S .) lap pus (021) 8.747 À 7.52 A 16.32 % 
Max. Voltage (S,) Var (1/2) 296.21 V 27111 V 9.26 % 
Peak Current (S,) a mal 2) 26.795 A 24.26 A 10.45 % 
Average Current (Sa) a (027) 3.508 A 3.55 A 1.18 % 
RMS Current (S,,) Ian us (0210) 8.75 A 7.32 A 19.54 % 
Max. Voltage (S) dis 296.21 V 270.96 V 9.32 % 
Peak Current (S,,) sai mal TV2) 26.773 A 24.76 À 8.14 % 
RMS Current (S,,) loop pus (021) 6.308 A 5.76A 9.52 % 
Max. Voltage (S,) dE 296.18 V 270.96 V 9.31 % 
Peak Current (S, ) on malSTU2) 26.795 A 24.26 A 10.45 % 
RMS Current (S,,) on runs (0210) 6.308 A 5.69 A 10.87 % 
Max. Voltage (S) Vel STU2) 296.21 V 2n141V 9.26 % 
Non-linearized THD THD 0.09 % 0.26 % ai 


51 CHOICE OF COMPONENTS AND PROTOTYPE BUILT 


Table 8 — Comparison of simulation results. 


Source: Self-authorship 


Based on calculations and simulation results, this section highlights the main 


requirements adopted to choose the components for the prototype. It also presents the 
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requirements adopted to make the flyback inductors and the winding procedure adopted. 


5.1 Switches 


The first requirement observed to choose the switches were the maximum voltages 
and currents during steady-state operation. According to the calculations, both maximum 
voltage and current values are registered for the complementary switching strategy, as 
presented in Table 9. As already mentioned in section 3.3, each semi-cycle has to process 1 
kWin order to average an output power of 500 W. Therefore, all calculated values presented 
are for 1 kW, 

The maximum current considered is 27.209 A and the maximum voltage is 299.707 
V. Based on these values, the semiconductor chosen for this application was the Infineon 
IKW40N65F5. Table 10 displays the main characteristics of this IGBT. 


Variable ar Alternative Switchingº 
Eira 299.707 V 274.031 V 
Mox Voltage | yarne 209.707 V 274081 V 
uu 299.707 V 274.081 V 
ia 27.209 A 24.817 A 
Peak is 27.209 A 24.817 A 
Current SINade 27.209 A 24.817 A 
o 27.209 A 24.817 A 
o uses 3.5714/8.941 A 3.571 A/7.548A 
Average /RMS | lp Lisp nus 04/6.363 A 0A/5.777 A 
Current oi ii 3.5714/8.941 A 3.571 A/7.548A 
au nino 04/6.363 A 0A/5.777 A 


Table 9 - DC-AC flyback converter with differential output connection — requirements for choice of 
switches. 


Source: Self-authorship 


An estimative of switching and conduction losses for this IGBT is presented in 
Appendix C for the complementary switching strategy and in Appendix E for the alternative 
switching strategy. According to the calculations, between switching and conduction losses, 
a grand total of 16.278 Wis expected to be dissipated during the operation of the converter 
in rated output power. 


5 The values displayed in Table 9 for the complementary switching strategy are available on Appendix A. 
6 The values displayed in Table 9 for the alternative switching strategy are available on Appendix B. 
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Variable Datasheet Value 
Maximum Voltage Vos 650 V 
1. =25ºC 74A 
DC Collector Current o 
É = 100 46 A 
Pulsed Collector Current li 120 A 
Threshold Voltage Va, 1.25 V 


Table 10 - IGBT IKW40N65F5 main characteristics. 


Source: Self-authorship 


5.2 Output Filter Capacitors 


In this converter, because of the AC output of the converter, it is not possible to 
use electrolytic capacitors. Therefore, a reliable capacitor for these applications is the 
polypropylene capacitor. Based on the calculations presented in Table 6 and Table 7, the 
rated voltage for these capacitors should be no smaller than 300 V. The capacitors chosen 
for the application was the polypropylene capacitor VISHAY MKP 1840-1 and generic 1 
uF/400 V polyester capacitors. Table 11 shows the details of the MKP 1840-1 capacitor. 


Variable Datasheet Value 
Capacitance C 1uF 
Rated Voltage U, 400 V 
Permissible AC Voltage U 250 V 


R RMS 


Table 11 - Capacitor VISHAY MKP1840. 


Source: Self-authorship 


5.3 Flyback Inductor 


Table 12 presents the requirements from both switching strategies to build the flyback 
inductor. 
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Variable Complementary Alternative 
AC Inductance Lim Ly 239.328 yH 258.715 uH 
DsP mas 27.209 A 24.817 À 
Max. Current Rin 27.209 A 24.817 A 
ga 27.209 A 24.817 À 
aspira 27.209 A 24.817 À 
AC Primary RMS Current ins 8.941 A 7.548 A 
EMEA 8.941 A 7.548 A 
AC Secondary RMS Current dus 6.363 A 5.777 A 
O spuaiço 6.363 A 5.777 À 
Current Ripple Al, 10.884 A 9.927 A 
Turns Ratio n 1 1 
Switching Frequency f. 20k Hz 20k Hz 


Table 12 - Flyback inductor requirements. 


Source: Self-authorship 


Because of the higher inductance value, the flyback inductor was designed by the 
requirements of the alternative switching strategy, with a margin in the current to support 
the higher current of the complementary switching strategy. The whole design of the flyback 
inductor and its losses are presented in Appendix C. 

The winding technique adopted consists in winding half of each winding 
interchangeably in order to increase the practical coupling factor. Figure 61 illustrates the 
winding technique used to build the flyback inductor. 
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Figure 61 — DC-AC Flyback converter with differential output connection - winding technique adopted for 
the construction of the flyback inductor. 


Source: Self-authorship 
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5.4 Clamp Circuit 


To minimize the effects of hard switching, an RCD clamp is employed for each switch, 
as presented in the schematic of Figure 62. Considering that the maximum voltage on each 
switch is supposedly the same, as Table 9 indicates, the same diodes and resistors were 
initially applied for each switch. 


To 
Figure 62 - RCD clamp. 


Source: Self-authorship 


It has been decided that the RCD clamp resistance would be adjusted throughout 
the initial tests, in order to combine converter performance and clamping voltage. As the 
experimental test were performed, the resistance of two 5 W 56 kQ in series proved to be 
the best solution for the allowable rated voltage of the switch that would less impact the 
efficiency of the converter. 

The clamp capacitors were specified to support the calculated voltage over the 
switches of a maximum of 307.5 V. Therefore, the capacitors used in the clamp circuit of 
S,and S, were polyester capacitors of 1 /F /400 V. On the other hand, in the secondary 
(clamp circuit of S,, and S,,) it has been chosen polyester capacitors of 470 nF /400 V. In 
the primary, the higher capacitance values are justified by the higher RMS current of the 
switches. 

The diodes chosen are the MUR460, whose average rectified current is 4 4, the 
peak reverse voltage is 600 V and the maximum instantaneous forward voltage is 1.05 V 
at 1500 C. 


5.5 Prototype 


Figure 63 presents the picture of the prototype built under the specifications presented 
in the previous sections of this chapter. 
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Figure 63 — DC-AC flyback converter with differential output connection — prototype. 


Source: Self-authorship 


The test setup comprises of the following equipment: 


* Texas Instruments TMS320F28335 DSP: Used to generate the command pul- 
ses for the IGBTSs; 


*— Tektronix DP0754C oscilloscope: all waveforms and THD measurements pre- 
sented; 


* | Yokogawa WT500 power meter: all efficiency measurements. 


61 EXPERIMENTAL RESULTS 


This section presents the open loop experimental results for both modulation 
strategies. Initially, it shows the prototype operating the complementary switching strategy. 
The linearized and non-linearized output are presented with a resistive load. Next the 
linearized duty cycle is tested for nonlinear loads. The same experiments are made for 
the alternative switching strategy. Finally, the efficiencies of both switching strategies are 
compared for both linear and nonlinear loads. 


6.1 Complementary Switching — Non-linearized Output 


Figure 64 shows the output voltage and current of the converter, trying to operate 
a specified load rated for output power. The RMS voltage values presented in Figure 64 is 
of 116.4 V,yws: Proportionally matching the design values, the RMS output current reached 
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3.072 A and the peak-to-peak value was 10.65 A. 


VoD> 


lo De 
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: 


No Awt20M 


Mean Min Max St Dev 
aizev  [aiz92162 [4122 [269.6m 
M164V [m64172 [62 [86.8m 
MO.G5A  [10.645659 [10.62 [5.533m 
[LOTZA [50731067 [3.068 [1.243m| 
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Figure 64 — Complementary SW - non-linearized Vo & lo. 


Source: Self-authorship 


As Figure 65 shows, the resultant voltage ripple of the output voltage in Figure 64 
was of 48 V, matching the values for which the converter was designed. 


V2=205.8V E> 
V1=157.8V DDS 


Figure 65 - Complementary SW - non-linearized voltage ripple. 


Source: Self-authorship 


Figure 66 shows the output current ripple as 1.072 4. 
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Figure 66 - Complementary SW - non-linearized current ripple. 


Source: Self-authorship 


The acquisition shown in Figure 67 is the voltage across switch S,,. The overvoltage 
in this waveform is product of the energy stored in the parasite inductances in both the 
primary and secondary windings of the flyback inductor. For this application, the clamping 
voltage was set to protect the switches without degrading the overall efficiency of the 
converter, which means that the clamp circuit was set approximately for voltages of 600 V. 
Thus, the clamping voltage is not visible in the acquisition of the voltages on these switches. 

Figure 68 shows the voltage in S,,. The maximum voltage registered during this 
acquisition in S,, was 376.5 Vand 293.8 Vin S,,. 


Figure 67 - Complementary SW non- linearized - | Figure 68 - Complementary SW non- linearized - 
voltage on S,,. voltage on S,. 


Source: Self-authorship Source: Self-authorship 


Figure 69 and Figure 70 present, respectively, the voltages on S,, and S,, In this 
acquisition, the maximum voltage registered in S,, was 363.2 Vandin S,, was 301.2 V. 
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Figure 69 - Complementary SW non- linearized - | Figure 70 - Complementary SW non- linearized - 
voltage on S,,, voltage on S,,, 


Source: Self-authorship Source: Self-authorship 


6.2 Complementary Switching — Linearized Output 


According to section 3.4.1, a linearized output produces less harmonic content, 
ultimately leading to a lower THD. Therefore, the output voltage/current represents a better 
sinusoidal waveform. As Figure 71 shows, the converter reaches the desired 127 Vous 


output voltage. 


c1 )70.0Vidiv NY  Ry500M (aero ov 5.0ms/div 10.0MS/s pego 


Run Hi Res 


Value Mean Min Max StDev Count Info 
472acgs RL:500k 
(1) RMS 126.3V 126.43313 [126.3 126.8 [73.0m 471.0 


Cet )Max [2059v  [206.12431 [2058 [206.9 2024m [408.0 Cons February 18,2016 12:15:38 
(Er )Min [2047 [20499251 [2057 [2046  [030m fado 


Figure 71 - Complementary SW - linearized V.. 


Source: Self-authorship 


Figure 72 presents the voltage ripple zoomed in the crest of the sinusoidal waveform 
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of Figure 71. The markers in both images measure a maximum of 205.2 V and a minimum 


of 155.4 V, corresponding to a variation of 4Vo=49.8 V. This result shows good accuracy 
with the calculated and simulated values. 


E TM 


ut 


Figure 72 - Complementary SW - linearized voltage ripple AV. 


Source: Self-authorship 


The acquisition presented in Figure 73 shows the output current of the converter and 
confirms the calculated value of the RMS current. 


(es )2.0A/div 1MOQ RBy:120M 


A Ce) 0.0v 5.0msídiv 10.0MS/s 100ns/pt 
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Max StDev Count Info 
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[6.352 |3.892m — |255.0 
-6.427 [5.395m [197.0 


Value Mean Min 
(cI)RMS  [á044A [40434426 [4.032 
(cs) Max [6.333A  [6.3336265 [6.315 
(es ) Min -6.446A  |6.4500006 [6.47 


368 acqs RL:500k 
Cons February 18, 2016 12:18:49 


Figure 73 - Complementary SW - linearized /. 


Source: Self-authorship 


Figure 74 shows that both the output voltage and current obtained presents low 
harmonic distortion. The total harmonic distortion in the output voltage (V-THD) is 1.9% 
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and in the output current (/-THD) is 2 %, which is within the European norm IEC 61000-3-2 
(Class A) and the North-American norm IEEE 519 (below 5%). 


Total Harmonic Distortion 


5,00 
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3 3,00 VIHD 1.9071% 
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> 200 op THD 2.0038% 
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á rms a! 
12345678 910111213 E20.66W 
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Figure 74 - Complementary switching strategy - total harmonic distortion. 


Source: Self-authorship 


Figure 75 presents the waveform previously presented in Figure 73 zoomed in to 
show the current ripple. The distance between the markers measure a ripple of 1.44, which 
coincides with the simulated and calculated values shown in Table 6. 


Figure 75 - Complementary SW - output current ripple 


Source: Self-authorship 
Figure 76 and Figure 77 show, respectively, the voltage on S,, and S,, Both 


waveforms present the voltage on the switches when the output voltage is at its maximum, 
when a ="/,. The peak values in these acquisitions are 418.7 Vin S,, and 309.8 Vin S,p. 
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Figure 76 - Complementary SW linearized - 
voltage on S ,,. 


Source: Self-authorship 


Figure 77 - Complementary SW linearized - 
voltage on S,,. 


Source: Self-authorship 


Figure 78 shows the moment when S,, turns off and S,, turns on while the output 
voltage is maximum ina ="/,. 

Similarly, Figure 79 shows when S,, is blocked and S,, turns on while the output 
voltage is maximum ina ="/.,. 


CEE o aviaiy 1ma Rys0om ACEDA sra SOmsidiv 100NSIS  100nsipt 
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CE 80 ovidiv AMO Ry500M Stoppad SingisSeq 
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Figure 78 - Complementary SW linearized - S,, off / S, on. 


Source: Self-authorship 
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Figure 79 - Complementary SW linearized — S,,off/ S,p on. 


Source: Self-authorship 


The voltages on S,, and S,, are shown, respectively, in Figure 80 and Figure 81 for 
rated output power when the output voltage is at its negative peak. The maximum values in 
these acquisitions were 316.1 Von S,, and 393.6 Von S, 


Figure 80 - Complementary SW linearized - Figure 81 - Complementary SW linearized - 
voltage on S,,, voltage on S, 
Source: Self-authorship Source: Self-authorship 


Figure 82 shows the moment when S, turns off and S,, turns on. Similarly, Figure 83 
shows the moment when S,, turns off and S,, turns on. Both acquisitions were performed 


when the output voltage were at its maximum in a = '*"/,. 
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Figure 82 - Complementary SW linearized - S,,off/ S,, on. 


Source: Self-authorship 


(Fica)80.0V  500ns 11.9ms 11.9ms 


Figure 83 - Complementary SW linearized — S,, off/ S,, on. 


Source: Self-authorship 


6.3 Complementary Switching Strategy — Nonlinear Load 


As the experimentation progressed and the converter was performing well, a test 
with nonlinear load was carried out to test the converter's bidirectionality. The tested load is 
a single-phase full-wave bridge rectifier, circuit of Figure 84, and was composed of a 1 mH 
inductor as L, and six electrolytic capacitors connected in parallel of 470 uF / 400 Vas CL. 
The resistance A, is used to control the output power and limit the current. 
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a, 


Figure 84 - Complementary SW linearized — nonlinear load 


Source: Self-authorship 


The resultant output voltage and current are presented in Figure 85. The unbalance 
of the converter operating such output load is clear. Although the RMS voltage is 127 V, the 
maximum current is 6.56 Ain the positive semi-cycle and -8.32 Ain the negative semi-cycle. 
This characteristic, however, tends to be minimized once a controller is designed and the 
converter operates in closed-loop. 


Output 
Current 


i4ms/div 


Figure 85 - Complementary SW linearized — nonlinear load output voltage and current. 


Source: Self-authorship 


The unbalance and high voltage levels at the output of the converter, prevented 
the experiments to go further than 350 W, as the output voltage in these conditions were 
exceeding 190 Vin the positive semi-cycle. In addition, the high harmonic distortion causes 
overheating in the components, particularly in the magnetics. 

However, the voltages on the switches are proportional to the output power. Therefore, 
despite the distortion on the waveforms, the maximum values are similar. Figure 86 shows 
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the voltages on S,, and S,, zoomed-in the positive semi-cycle of the output voltage. The 
maximum values registered in this acquisition are 310 Von S, and 462 Von S,, Itis 
noticeable the difference in these values, however, if not by the voltage surge on S,, when 
the switch blocks, the maximum values would be closer. 


E O E O O O E E E 
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Figure 86 - Complementary SW nonlinear load - voltage on S,, (100 V/div) and on S,, (100 V/div). 


Source: Self-authorship 


The same observations are true for the voltages on S,, and S,, presented in Figure 
87. In this acquisition, the voltage on S,, is 316 Vandin S,, is 452 Vin the negative semi- 


cycle when the voltage is maximum. 
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Figure 87 - Complementary SW nonlinear load - voltage on S,, (100 V/div) and on S,, (100 Vídiv). 


Source: Self-authorship 
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6.4 Alternative Switching Strategy — Non-linearized Output 


Figure 88 shows the alternative switching operating a linear load with a non- linearized 


output. Similar to the non-linearized output voltage of the complementary switching strategy, 


the RMS output voltage only reached 97 VRMS. The markers on Figure 89 shows a voltage 


ripple of 73 V(V1=143V/ V2=216). 


Figure 88 - Alternative SW - non-linearized Figure 89 - Alternative SW — non-linearized voltage 


V. 


o 


Source: Self-authorship 


ripple AV. 


Source: Self-authorship 


Figure 90 shows the non-linearized output voltage and current. Figure 91 presents 


the current waveform zoomed-in with a ripple of 1.926 4. 


AAA NA 


Figure 90 - Alternative SW - non-linearized Vo 
and 1. 


Source: Self-authorship 


Figure 91 - Alternative SW - non-linearized 
current ripple AL. 


Source: Self-authorship 


Figure 92 and Figure 93 shows the voltage over the switches S,, and S,, for a peak 


positive voltage output. 
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Figure 92 - Alternative SW non-linearized voltage 
over S,p. 


Source: Self-authorship 


(8603.7200 I 


Figure 93 - Alternative SW non-linearized voltage 
over S,p- 


Source: Self-authorship 


Figure 94 shows voltage on S,, and S,, in the transition of zero output voltage. 
Similarly, Figure 95 shows the voltage on S,, and S,, in the transition of zero output voltage. 


Figure 94 - Alternative SW non-linearized 
transition negative/positive semi-cycle. 


Source: Self-authorship 


Figure 96 and Figure 97 show the voltages, respectively, on S,, and 


Vs2ND> 


Figure 95 - Alternative SW non-linearized 
transition positive/negative semi-cycle. 


Source: Self-authorship 


S,» when the 


2Nº 


output voltage is at its maximum in a = “”/,, therefore in the negative semi-cycle. 


Figure 96 - Alternative SW non-linearized - 
voltage on S,,, 


Source: Self-authorship 


Figure 97 - Alternative SW non-linearized - 
voltage on S, 


Source: Self-authorship 
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6.5 Alternative Switching — Linearized Output 

Once the output is linearized, the converter operates at its rated output power of 500 
Wand both output voltage and current represents a sinusoidal waveform. Figure 98 shows 
the output voltage of the converter in 127 V,yws- The voltage ripple in Figure 99 is higher than 
the calculated because the prototype uses an equivalent output capacitance of 3 //F, which 
should give a ripple of 67.35 V. In this acquisition, the voltage ripple is 73 V. 


Figure 99 - Alternative SW linearized V, - voltage 
ripple AV. 


Figure 98 - Alternative SW linearized output 
voltage V. Source: Self-authorship 


Source: Self-authorship 


Figure 100 shows the output current of the converter operating a resistive load. In 
this acquisition, the output power of the converter was 528 W, which explains why the RMS 
current in this figure is 4.149 A. The calculated value for a similar output power returns 4.157 
A, which indicated good accuracy of calculations. Figure 101 presents the waveform from 
Figure 100 zoomed-in to show the ripple of the output current at 1.949 4. 


Figure 101 - Alternative SW linearized [ - current 


ipple 41. 
Figure 100 - Alternative SW linearized output RR 
current [,. Source: Self-authorship 


Source: Self-authorship 


Figure 102 shows that both output voltage and current in the alternative switching 
strategy presents small harmonic distortion. However, even though this switching strategy 
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is still within both norms IEC 61000-3-2 (Class A) and IEEE 519 (below 5%), both values 
are higher than the results obtained for the complementary switching strategy, presented in 
Figure 74. 


Mode IEC 61000-3-2 
Total Harmonic Distortion - 
Equipment Class | Class A 
2 Vams(V) 129,69 
o 4 
= 3 Iams(A) 4,108 
? | DLimit(A) Line Frequency 60.03 Hz 
“1 
0 0 E ESP E Value(A) True Power(W) | 528,2 
12345678 910111213 V-THD(%) 2,69 
Harmonics ETHD (%) 2,57 


Figure 102 - Alternative switching strategy - total harmonic distortion. 


Source: Self-authorship 


The waveform presented in Figure 103 and Figure 104 show the voltage measured, 
respectively, on S,, and S,, when the output voltage is at is maximum in a = 7/,. The peak 
voltage registered in this acquisition is 382.8 Víor S,, and 283.1 Vin S,,. Itis noteworthy that 
the peak voltage values of the alternative switching strategy are smaller in comparison to 
the complementary switching strategy, thus confirming the predictions made via calculation 
and simulation (see Table 8and Table 9). 
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Figure 103 - Alternative SW linearized output - Figure 104 - Alternative SW linearized output - 
voltage on S,,. voltage on S,,. 
Source: Self-authorship Source: Self-authorship 


Figure 105 shows the juxtaposition of the voltage on S,, and S,, when S,, turns off 
and S,, turns on. This acquisition was made when the output voltage is at its maximum for 
a="/,, therefore, in the positive semi-cycle. 

Similarly, Figure 106 shows the voltage on S,, when it turns off and in S,, when it 
turns on. This acquisition was made when the output voltage is at its maximum for a = *"/,, 
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therefore, in the negative semi-cycle. 
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Figure 105 - Alternative SW linearized — S,,off/ S,, on. 


Source: Self-authorship 


(E) 80.0 5005 34ms 3.41ms lan Fobruary 18,2016 15:20:58 


Figure 106 — Alternative SW linearized — S,,off/ S,, on. 


Source: Self-authorship 
Figure 107 and Figure 108 show the voltage measurements on S, and S, 


respectively, when the output voltage is at is maximum in a = *”/,. The maximum voltage 


values registered in this acquisition on S,, is 356.1 Vand on S,, is 289.9 V. 
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Figure 107 - Alternative SW linearized output - Figure 108 - Alternative SW linearized output - 
voltage on S,,, voltage on S,, 
Source: Self-authorship Source: Self-authorship 


6.6 Alternative Switching Strategy — Nonlinear Load 


The successful results presented thus far for the alternative switching strategy were 
considered satisfactory enough to assume that the bilinearity of the converter could be 
tested. Therefore, for the operation with nonlinear loads, the duty cycle of the converter had 
to be linearized, as the voltage spikes were too high when it was not. The resultant output 
voltage and current for a nonlinear load are presented in Figure 109. 
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Figure 109 — Alternative SW nonlinear load — output voltage and current. 


Source: Self-authorship 
Although in smaller scale, the unbalance of the current in this switching strategy is 


still present. In this case, the maximum current in Figure 109 is 6.169 A and the minimum 
is -7.653 A. 
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6.7 Efficiency Tests 


During the experiments, the efficiency of the converter was tested. The calculated 
curves in Figure 110 show that the approximations made to determine each component 
losses gave a close overview of what happens in the prototype. Further analysis on the 
losses generated by the RCD clamp circuit can be made to approximate the calculated 
curve with the actual experiment even more. All calculations made to obtain the curves are 
presented in Appendix C (complementary switching strategy) and Appendix E (alternative 
switching strategy) and were performed using only information available in the datasheet of 
the components. 

As the experiments were performed, an efficiency curve was obtained for every 
tenth of the rated output power. These results are put into perspective with the calculated 
efficiency values, represented by the dashed lines, in Figure 110. In the complementary 
switching strategy, the values averaged a difference of 0.5 % from the calculated values to 
the experimental results in the range of 100 Wto 500 W. In this case, all calculated values 
are higher than the experimental test results. The average difference in the alternative 
switching strategy is -0.5 % in the range of 50 Wto 500 W. It is noteworthy that the curve 
described by the experimental results crosses the curve of calculated values in 450 W and, 
from this point onwards, tends to distance itself ftom the calculated curve. This is due to the 
oversizing of the conduction losses in the calculations. Thus, as the output power increases, 
the switching losses become more expressive, causing the crossing of the curves. 

Overall, in the experimental test results, the alternative switching strategy presents 
an efficiency that varies from 2% to 2.6% higher than the complementary switching strategy. 
These results confirm the initial premise of the alternative switching strategy, showing that 
the reduction of the RMS current values and maximum voltages in all semiconductors are 
indeed a strong indicator of efficiency improvement. 
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POWER EFFICIENCY OF THE DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL 
OUTPUT CONNECTION 


—-— Complementary SW - Experimental — € — Complementary SW - Calculated 


di Alternative SW - Experimental -— de — Alternative SW - Calculated 


EFFICIENCY (%) 
do 


0 50 100 150 200 250 300 350 400 450 500 
Active Output Power (W) 


Figure 110 — Efficiency of the DC-AC flyback converter with differential output connection — linear load. 


Source: Self-authorship 


Figure 111 compares the experimental test results obtained from both switching 
strategies for linear and nonlinear loads. Although the tests performed with nonlinear load 
for both switching strategies had to be aborted when the output power reached 350 W, their 
respective curves show good fidelity to the curve obtained with linear loads. 


EFFICIENCY COMPARISON BETWEEN OF LINEAR AND NON-LINEAR LOADS 


—4— Complementary SW - Non-linear Load — € — Complementary SW - Linear Load 


—f-— Alternative SW - Non-Linear Load —- de — Alternative SW - Linear Load 


EFFICIENCY (%) 
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Figure 111 - DC-AC flyback converter with differential output connection — efficiency comparison 
between linear and nonlinear loads 


Source: Self-authorship 
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71 CONCLUSION 


The converter presented in this chapter is an attractive alternative for a single- stage 
dc-ac converter. The open-loop results indicate that this converter is a well- suited off-line 
solution for simple applications that does not require closed-loop control as well as good 
potential for grid connection applications. 

As expected, the alternative switching strategy increases the efficiency of the 
converter, presenting an average efficiency of 86.4 % in rated output power. Itis noteworthy, 
that it would be necessary two converters with 93 % of efficiency to process the same output 
power in a two-stage configuration. It was verified that the superiority of the efficiency levels 
were achieved not only because of the reduced RMS currents in all semiconductors, but 
also by the significant reduction of the voltage spikes, particularly on S,,and S,,. 

On the other hand, the same prototype operating the complementary switching 
strategy presents an average efficiency of 83.4 % for rated output power. Although the 
results are not as satisfactory, once put into the perspective of a two-stage configuration, 
it would require two converters operating with an average power efficiency of 91.3 % to 
produce the same overall result. 

A setback of this topology, regardless of the switching strategy used, is that the hard 
switching causes a considerable voltage surge in both switches on the primary windings 
of the flyback inductors. In a bid to improve the efficiency, the converter was tested using 
the MOSFET SPW47N60C3 and better results were achieved, peaking an efficiency of 
88.1 % for rated output power for the alternative switching strategy. However, issues with 
the driver technology used did not allow the converter to operate smoothly, causing shut 
down events as the magnetics heat up. It is important to call attention to the potential of 
the converter if better switches and driver technologies are implemented or if the turns ratio 
of the flyback inductor is used in favor of one or another switching strategy. It is still worth 
mentioning that, during the tests performed with nonlinear loads, the observed unbalanced 
output needs to be investigated as to whether it is an intrinsic characteristic of the prototype 
built, which can be minimized with a controller in closed-loop operation, or if it is intrinsic to 
the topology/switching strategies tested. Part of this behavior can be observed with linear 
loads; however, this problem was emphasized with nonlinear loads. 

At this point, some new considerations had to be made towards the sequence of 
this research. On the one hand, original contributions, such as the alternative switching 
strategy and the transfer functions of the converter coupled to an output voltage source 
for both switching strategies were performed and validated by means of simulation. On 
the other hand, the efficiency levels demonstrated by the converter were not considered 
overwhelmingly satisfactory, to the point of investing a considerable amount of time to 
perform the connection of the converter to the utility grid. 

Consequently, the direction adopted for the progress of this research was towards 


Design, simulation and experimental results of a DC-AC flyback converter 


103 


a new single-stage topology capable of solving the problem caused by the voltage surge in 
the primary windings of the flyback inductors, as an attempt to increase the power efficiency 
levels. The purpose of this new converter is to study a new topology with potential of being 
integrated to the utility grid and operating in higher switching frequencies by means of soft- 
switching techniques. Chapter 4 presents the static analysis, currents and voltages in all 
components and control to output transfer function. 
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ACTIVE-CLAMPING SINGLE-STAGE FLYBACK CONVERTER 


The flyback converter is a topology that offers simplicity of design and ease of 
control while keeping a low component count. In Chapters 2 and 3, the dc-ac flyback 
converter presented confirms the simplicity of design that the topology can offer as an 
alternative for grid-tied converters. However, because of the voltage spikes caused by the 
leakage inductance and hard switching of the main switch, which often leads to reduced 
efficiency levels; usually, the converter is restricted to applications of low output power. This 
phenomenon is shown in Figure 67 and Figure 69 for the complementary switching strategy 
and in Figure 103 and Figure 107 for the alternative switching strategy. As an alternative to 
solve this problem, many authors have researched different ways to clamp the voltage spike 
at the main switch, while others invest in soft-switching techniques. This chapter presents 
an active-clamping circuit to reduce the voltage spikes, offering zero voltage switching 
(ZVS) for the main switch. 


11 INTRODUCTION 


From all possible uses of a flyback converter as a single-stage dc-ac converter, 
simply known as flyback inverter, one particular inverter base topology has attracted special 
attention from the research community". 

For renewable energy applications, mainly for solar energy applications, 
simple bidirectional approaches have been explored, as presented in (SUKESH, 
PAHLEVANINEZHAD e PRAVEEN, 2013), (SARANYA e CHANDRAN, 2015) and in 
Figure 112. In these cases, similar to the flyback converter presented in Chapter 3, the 
leakage inductance is a problem that can cause overvoltage across the switches as the 
main transistor turns off, potentially causing the destruction of the switch or, in contrast, 
oversizing the switch to bear the overvoltage. 

RCD clamps can address this problem offering a direct and simple solution, although 
resulting in reduced levels of efficiency. In this case the energy stored in the leakage 
inductance ends up dissipated as heat, resulting in significant power loss, as affirmed by 
(IDA e BHAT, 2005) and exemplified by the prototype built for the experimental results 
presented in Chapter 3. 


1 (KASA, IIDA e CHEN, 2005), (MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOS, 2014), (ABRAMOVITZ, 
CHIH-SEHNG e SMEDLEY, 2013), (ABRAMOVITZ, HEYDARI, et al., 2014), (SARANYA e CHANDRAN, 2015), (MO, 
CHEN, et al., 2011), (KIM, KIM, et al., 2011), (JOHNY e SHAFEEQUE, 2014), (IIDA e BHAT, 2005), (SHIMIZU, WADA 
e NAKAMURA, 2006) 
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Figure 112 - Bidirectional flyback inverter. 


Source: Self-authorship 


In (IDA e BHAT, 2005) and Figure 113, a flyback inverter that reduces the leakage 
inductance effect in the main switch is proposed. The technique, called switched snubber 
circuit or primary current steering, makes use of the leakage inductance of the flyback 
inductor to achieve zero voltage transition in the main switch. The prototype build in this 
case operates with a 30 V of input voltage, 100 V of output voltage, switched at 50 kHz and 
output power of 100 W. While connected to the utility grid, the efficiency with 70 W of output 
power is approximately 84 %. 


ELE 


Figure 113 - Flyback inverter with LC snubber. 


Source: Self-authorship 


In order to improve the efficiency of the topology even further, in (ABRAMOVITZ, 
CHIH-SEHNG e SMEDLEY, 2013), (VARTAK, ABRAMOVITZ e SMEDLEY, 2014) and 
(MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOS, 2014) a regenerative snubber 
circuit is proposed. By adding an auxiliary winding to the flyback inductor, the leakage 
inductance can be used to achieve soft switching. The main advantage of this technique is 
that it does not need an additional discrete inductor, sparing area in the PCB while achieving 
better performance levels. In (MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOS, 
2014), a prototype is presented with an input voltage of 45 VDC, output voltage of 110 V,y, 


s 
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and restricted to a maximum output power of 100 W. The specific switching frequency as 
well as the efficiency levels registered were not reported. Figure 114 shows the topology of 
the inverter studied by (MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOS, 2014). 


Figure 114 - Flyback inverter with regenerative snubber. 


Source: Self-authorship 


In this chapter, an active-clamping circuit for the flyback inverter operating in 
continuous conduction mode (CCM) is presented. The inverter makes use of an additional 
discrete inductor in the primary winding to achieve ZVS on both switches of the circuit. 
Theoretically, the switches in the circuit of the secondary windings can also achieve ZVS 
during the zero voltage transition of the ac output. The switching strategy adopted is a high 
frequency complementary switching between the main and the auxiliary switches (S1 and 
SG), and grid frequency for the switches in the secondary windings of the converter. The 
circuit of the proposed inverter is presented in Figure 115. Itis worth noting that this topology 
is not bidirectional as the previous structure presented in Chapters 2 and 3 were. This is 
due to a design choice of operating with only four switches, considering that a bidirectional 
topology would require the diodes DP and DN'to be replaced for switches. 


Sp 


s< 
Figure 115 - Active-clamping flyback inverter. 


Source: Self-authorship 
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21 SWITCHING STRATEGY 


Figure 115 presents the main circuit configuration of the single-stage active- clamping 
dc-ac flyback converter. The circuit consists of two switches in the primary winding, being 
S1 the main switch and S, the auxiliary; a flyback inductor with its magnetizing inductance 
L, and turns ratio of 7:n; a discrete auxiliary switching inductor L,; and an auxiliary capacitor 
for active-clamping C... In the secondary windings, there are two blocking diodes D, and D,; 
two control switches S, and S,; and a capacitor C, acting as output filter. 

Switches S, and S, are switched complementarily, so that the converter operates 
in CCM. Switches S, and S, provide the path to the output ac current, in order to generate 
positive and negative semi-cycles, respectively. Figure 116 presents one switching cycle of 
the switching strategy adopted for this converter. In Figure 116 (A), the output voltage of 
the converter is in the positive semi-cycle due to the command in S,. The semi-cycle of the 
converter changes to negative when S, is turned off and S, is turned on, as in Figure 116 
(B). 
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(A) (B) 
Figure 116 - Active clamp flyback inverter - switching strategy (A) for V,>0 (B) for V,>0. 


Source: Self-authorship 


31 OPERATING STAGES 


To simplify the analysis of the inverter, all semiconductors are considered ideal, 
the flyback inductor is modeled as an ideal transformer with its magnetizing inductance 
represented by L, and turns ratio of 7:n. Both secondary windings of the inducior have the 
same number of turns. 

In the first operating stage (see Figure 117), switch S, is tumed on. Therefore, the 
input voltage V,, charges the magnetizing and clamp inductances, respectively L, and L,, 
as the current circulates through S,. Diode D, blocks the output voltage V,, while the output 
capacitor Co discharges itself to the output load. 
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Figure 117 - Active-clamping flyback converter - first operating stage V >0. 


Source: Self-authorship 


The second operating stage begins when S7 is turned off. The current in LG finds its 


way through C, and C,,, charging and discharging them, respectively. This stage ends as 


SG 
soon as the voltage across SG reaches zero. Figure 118 shows the equivalent circuit for the 


second operating stage. 


Figure 118 - Active-clamping flyback converter — second operating stage V,>0. 


Source: Self-authorship 


The third stage (Figure 119) starts when D, becomes forward biased. In such 
condition, the current through L, is directed to the clamping capacitor C,, thus enabling the 
circuit to recover the energy stored in this element. It is noteworthy that S, must be turned 
on during this stage to guarantee ZVS condition for this component. This stage lasts until 
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the current through L, reaches zero. 


Figure 119 - Active-clamping flyback converter - third operating stage V,>0. 


Source: Self-authorship 


Considering that the current in L, tends to zero during the third operating stage, S,, 
has to turn on to start the fourth operating stage before the current becomes null, allowing it 
to assume negative values. During the fourih operating stage, S, and D, are still turned on, 
discharging the current of the magnetizing inductance in the secondary winding and to the 
output load. Figure 120 presents the equivalent circuit of the converter during this operating 
stage. 


| 
| 


a 
a 
RSS 


Figure 120 - Active-clamping flyback converter - fourth operating stage V,>0. 


Source: Self-authorship 
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The withdrawal of the command pulse from SG starts the fifth operating stage (see 
Figure 121). In order to preserve its continuous behavior, the current in L, starts flowing 
through C and Co, 
S, becomes null, this stage is finished. 


discharging and charging them, respectively. When the voltage across 
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Figure 121 - Active-clamping flyback converter - fifth operating stage V,>0. 


Source: Self-authorship 


At the beginning of the sixth stage (Figure 122), D1 becomes forward biased. When 
this operating stage begins, the current in L, is at its minimum value on the up turn to 
zero and positive values, offering ZVS condition to S, as the current circulates through C.. 
Therefore, as soon as the current though L, becomes null, this stage ends. 


Figure 122 - Active-clamping flyback converter - sixth operating stage V,>0. 


Source: Self-authorship 
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As the current in L, reaches zero, the seventh operating stage begins (Figure 128). 
Since the value of the current in L, is lower than the current in L,, D, remains forward 
biased. When these currents become equivalent, D, blocks and finishes this stage. 
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Figure 123 - Active-clamping flyback converter - seventh operating stage V,>0. 


Source: Self-authorship 


41 STATIC ANALYSIS 


Figure 124 presents typical waveforms within a switching cycle for both the active 
clamp inductor and magnetizing inductance currents and voltages, respectively, 1 V 


LG? 
ly and V 


im àS well as the current I,, in the blocking diode D,. The waveforms presented 


consider the converter's operation as an output voltage step-up operating in continuous 
conduction mode. The values presented in these waveforms are obtained from the mesh 
analysis of the equivalent circuit for each operating stage, which are important to determine 
the duration of the operating stages. 

To simplify the analysis of the converter, the second and fifth operating stages are 
taken out of the analysis due to its low contribution in terms of voltage and current variations 
and for its short duration. The sum of the operating stages where S, is turned on corresponds 
to the total time in which DT, has been attributed, in this case the first, sixth and seventh 
operating stages, as given by (4.1). 


A, +A+A, =DI, (4.1, 


For Ts is the switching period, established by the switching frequency f. The 
remaining operating stages in one switching cycle corresponds to (1-D)T,, thus resulting in 
(4.2). 
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Ar, + At, =(1-D)T, (4.2) 
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Figure 124 - Typical operating waveforms for the positive semi-cycle. 


Source: Self-authorship 


Due to the variation of the current in the magnetizing inductance in one switching 
period, it is crucial to define the length of each operating stage so the converter can operate 
within certain requirements. 

The voltage on the auxiliary inductance L,., presented in Figure 124 and transcript to 
(4.3), can define the duration of the first operating stage. 
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Vic =Vi — Vim (4.3) 


Where VINis the input voltage, V,, and V,, are the voltages on the magnetizing (LM) 
and auxiliary inductances (L,), respectively, during the first operating stage. Considering 
that V, = Ly 


"q» the time variation of the first operating stage, based on the current in the 


auxiliary inductance, presented in (4.3), is defined as given by (4.4). 


Lila) 


At, = 
' Vw E Vim (Ar 4. 


(4.4) 

In (4.4), |,, and |,, are the two currents identified in Figure 124 for |, and |, , in the 
first operating stage. 

Neglecting the time variation of the second operating stage makes the duration of 4t, 
and 4t, equal, because the voltage over the auxiliary and magnetizing inductance are equal 
during both operating stages. Considering that the sum of both third and fourth operating 
stages results in the total time in which S, is turned off, the time length of each operating 
stage corresponds to half the time where SGis turned on. Therefore, 4t, and 4t, are defined 
as given by (4.5). 


(4.5) 


The duration of the seventh operating stage is taken from the variation of the current 
in the magnetizing inductance presented in Figure 124 and transcript to (4.6). 


V 
Vic (At,) =Vy + A (4.6) 


From (4.6), the relationship V, = Lº/, defines the time variation of the seventh 


operating stage as given by (4.7). 


At =—elu — (4.7) 


” 
Vin + n 


The duration of the sixth operating stage, is obtained by substituting equations (4.4) 
and (4.7) in (4.1). This operation results in (4.8). 


VD + DV Vo 
Aç="[""4n 4n (4.8) 


6 , V 
2f, (Va - / 


Once the duration of each operating stage is known, important variables that 
define the operation of the converter must be defined, such as the current variations on 
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the magnetizing inductance, used to determine the duration of the operating stages. The 
analysis of the circuit during the first operating stage indicates that the current flowing 
through the magnetizing inductance is the same current that flows through the auxiliary 
inductance (see Figure 117). Equation (4.9) shows the relation of this current in the first 
operating stage. 


;=1 (4.9) 


LM 


Concerning the voltages during the first operating stage, (4.10) shows the relationship 
of the voltages across L,, L, and the input voltage. 


Vic +Vim =Viy (4.10) 


As a function of voltages and inductances, equation (4.9) can also be written as 
given by (4.11). 


Ma My (4.11) 
Lo by 


Using (4.10) in (4.11) the voltages VLG and VLM are, respectively, defined in (4.12) 
and (4.13). 


Vo. 

o = Dota (4.12) 
L+Ly 
MAs 

= in. 413 

T+ a 


Once the equations that determine the voltage values in the magnetizing and 
auxiliary inductances during the first operating stage are known, the currents /,, and /,, from 
Figure 124 are obtained from the inductor's voltage equation. Therefore, considering that 


ÇA = am uy , another expression that defines 4t, is obtained as given by (4.14). 
G t, 


LoL NML+L 
ar =! L2 all G "| (4.14) 
Va 
The current |/,,, presented in (4.15) is obtained by substituting (4.7), (4.8) and (4.14) 
in (4.1). 

E la V, V, 

AR Vou Vi F Yi )+to + Ly (Ya + ai 

às Vyt n 
ho (4.15) 


VinLe + (L + Ly (Va + vo n 


The unknown variable /,, ffom equation (4.15) is obtained from the principles of the 
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Volt-second balance in L,, which reads as in (4.16). 


At (Vu = Voo) + As (UM a e (VA a mis (aa (0) =0 (4.16) 


From this point onwards, in order to simplify the equations presented, the inductance 
factor in (4.17) is used. 


ls (4.17) 
Ly 


The variable /,, is then obtained from (4.16) by performing the substitution of 4, as 
presented in (4.14), 4t, and 4t asin (4.5), 4t,as in (4.7), At, asin (4.7), |,,asin (4.15) dia 


* L2 
finally V,; as in (4.12). Itis noteworthy that V,, in (4.16) refers to the average voltage over 


L, only during the first operating stage. The current /,, is defined as given by (4.18) 
[sl nto d wi (D (p=) +D(v A iu +) 
IN n IN n 
af (108 4a (Yn +) 


Once the variable /,, is known, the current |,, defined in (4.15) can be re-written as 


DM t DA (419) 


ER 
e 21 f, 


The current in the auxiliary inductance, In Figure 124, varies from [,, to 1,, during 


li= (4.18) 


presented in (4.19). 


the first operating stage and from |,,to I,, in the third and fourth operating stages. Because 
of the absence of the second and fifth operating stages in the equations, the current [,, is 


considered the negative value of /,., as (4.20) defines. 


E? 


In=— (4.20) 


Because the converter operates in continuous conduction mode, the average current 
in the magnetizing inductance is the arithmetic average of |,, and |,,. Thus, the variation 
of the current in the magnetizing inductance is described as the difference between the 


maximum and minimum points of the variation, namely /,, and 1,, 


respectively, divided by 
the average current in the magnetizing inductance, as given by (4.21). 


Al, = — 2 —uL (4.21) 


The simplified equation that defines the variation of the current in the magnetizing 
inductance in terms of the inductance factor and static gain (M) is presented in (4.22). 
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2AM 


Aly ED 4.22 
Wo (M+I)(D=M +DM -AM + DAM) ai 


From the analysis of the converter, one can allege that the average output current of 
the converter is the same as the average current in the diode D, in the positive semi-cycle. 
However, according to the waveform presented in Figure 124, itis necessary to know the 
variable |,, to obtain the equation that defines the average currentin D,. On the other hand, 


|, is component of the linear transition from /,,to |,, given by (4.28). 


L7” 
' (At, + Ata) + 1, (At + At,) (4.23) 
A At, + At, + At, + At, 


The average output current ([,) is written as the average currentin D,, as in (4.24). 


Toth 


n 


(4.24) 


By substituting (4.19), (4.23) and its respective time variations (4t,, ..., At) in (4.24), 
the output current is given by (4.25). 


Valy D+LDN/ + DW/-L O =, uy A 
===" "ass 
(va Lt + Yo Pol 


The equation of the output current, presented in (4.25), per-unit is defined in (4.26) 
and given by (4.27). 


(4.25) 


— 2fLnl 
Ty = +Jirstlo (4.26) 
Vo 
— D+DAM+DM -M(1+1) 
h= (4.27) 


I+MA+M 


Another unknown variable presented in Figure 124 is the voltage V.., which 
corresponds to the voltage on the auxiliary capacitor C,. This variable is present in the 
voltage analysis of the magnetizing inductance (V, ,,) in the third and fourth operating stages. 
Therefore, the duration of the third operating stage can be defined by the voltage variation 


on the magnetizing inductance as given by (4.28). 


(4.28) 


Considering that the third and fourth operating stages have the same duration, by 
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substituting equation (4.28) in (4.2), V. is obtained as presented in (4.29). 


-2f,Lc ([2-dada jo, [Vi e vo 0) (Lo + Ly (Vi oi 
MA db Jon) O NOni)Y wo 


(1-0) Vito + (Lo + u)( Vo +) á 


Veg = 
n 


The voltage on the auxiliary switching capacitor (V...) in (4.29) is simplified by 


CG 
substituting the current /,, from (4.18), which gives (4.30). 


LP 
Vis (4.30) 
1-D 

Finally, of all the equations presented there are two unknown variables remaining, 
namely, the inductance factor ( À ) and the operating duty cycle ( D). These two variables 
are obtained from the evaluation of the minimum value that satisfies equations (4.22) and 
(4.27), considering that the voltage conversion ratio, the current ripple in the magnetizing 
inductance and the auxiliary switching inductor are initial design requirements. 

However, once the converter operates an AC output, the static gain varies with the 
same angle of the sinusoidal output voltage. Therefore, the duty cycle needs to follow this 
angular variation in order to produce the desired AC output. The voltage conversion ratio 
adopted is presented by (4.31). 


g(o)=Msin(o) (4.31) 


The equation of the duty cycle is then obtained by isolating D from (4.27) and 
substituting M for q (a ), as given by (4.31), in order to obtain the desired alternate output. 
The duty cycle of the switches located in the primary winding of the flyback inductor, namely 
S,and S,, is defined in (4.32). 


(o) a(c)A+a(a)+1|+a(a)[A+1] 


5 0<a<7r 
D(a)= a(a)A+a(a)+1 (4.32) 


-I(e)[-a(a)A-g(a)+1]-g(a)[A+1] 
-a(a)A-a(a)+1 


However, DP and SP are switched only when a varies from Oto rm, whilst D, and S,, 


Sa<a<Im 


are switched only when a varies from rrto 271, as given by (4.34) for the former and by (4.33) 
for the latter. 


Io(o)fa(a (a)A+a(a D+ 1]+a( o)[A+1] 
D,(aº)= a(o)A+a(a)+1 dida (4.33) 
0Os7m<a<2a 
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050<a<7r 
Dy(a)=|-I(c)[-a(a)A-g(a)+1]-g(a)[A+1] ai (4.34) 
-q(a)A-a(a)+1 


51 AUXILIARY SWITCHING INDUCTOR (LG) 


The duration of each one of the operating stages varies along the variation of a in 
order to produce the desired alternate output. Therefore, the currents identified as |, and [,,, 
defined by equations (4.18) and (4.19), respectively, presents different values as a varies 


from zero to 27t Considering this, |,, is rewritten as presented in (4.35). 


2 
(ço (8) mc Dfa vei Pg ie 


n n 


58] 


Vola) 
-|-0 
24 H| — Lg*Ly 


n 


Ile) 
—Y, 


ça ato 


-Vo(a) 


Vim 


TA aa [tn 


Dfa 


Hi 


n 


(4.35) 


Itis noteworthy that both equations presented in (4.35) are essentially the same as 
in (4.18), although because of the polarity dot of the flyback inductor, the output voltage 
changes its signal for V<O when m<a<2r. The same consideration applies to the current 
I,, presented initially in (4.19). Considering this, (4.36) presents an equation for |,, that 
assumes the variations of a from zero to 21. 


Vota) Vila 
VnD(a)+ D(a) oh Do A! ) 
TN n s0O<a<r 
Lo(a)= º E v (4.36) 
VwD(a)+ D(a)— ola), Hole) : 
5m<a<2m 
2Lç f, 


Once these current values as known, the duration of each operating stage can be 
rewritten to assume its duration for any given angle alpha. Initially defined in (4.14) the 
duration of the first operating stage is given by (4.37). 


te (a) + L (0))(Lo + Ly ) 
V 


IN 


Arn(a)= (4.37) 
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Similarly, At, (a) and At, (a) are written as the duty cycle changes its values for any 
given angle alpha, as presented in (4.38). 
I-D(a 
fitej=fifa= A (4.38) 
: 27, 

Considering that the duration of the operating stages are obtained by the analysis 
of the current in the auxiliary switching inductor, it is worth noticing that the considerations 
made in regard to the voltage variation in the secondary winding for currentis |,, (a) and 1,, 
(a) are valid for all operating stages as well. Therefore, the duration of the sixth operating 
stage is given by (4.39). 

V 


IN 


D(a)+ D(a) 


Ar(a)= (4.39) 
VnD(a)+ D(a) (2) 4 AL 


n sma<a<2m 
ÃO 
2F, IN E 


Similarly, once the duration of the seventh operating stage depends on the output 
voltage of the converter, At, (a) is defined as given by (4.40). 


olu(a) 50<a<r 
V 


Volta 
nm o( ) 


At (a) = a (a) (4.40) 


Vila) 


n 


3 na<a<2m 


V, N 


As soon as the duration of the operating stages and the values of the currentis |,, (a) 
and !,, (a) are known, it is possible to calculate the average and RMS current values for all 
components of the converter. 


Figure 125 presents the waveform of the current in L, during one switching period. 
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F— SA 
At, At; TAt, Atçi At; 


Figure 125 - Current waveform of the auxiliary switching inductor L,. 


Source: Self-authorship 


The average value of the current in the auxiliary switching inductor L, during a period 
of the output voltage, is given by the integral equation (4.41). 


A Uno) + hia(a))An (0) + (Lula) o do(a) la (0) + An(0)) ,, (4,41) 


27 27 


(O) s 


The RMS current value in L, is derived from equation (4.42). 


2 
Lic aus = a | ABtC ag (4.42) 
. 27 o 37 
Where 
A=(1 (02 +15 (01,2 (0)+1, (0) sr, (0); 
* B=I ,(o)(an,(0)+4r, (a); 
c=(r,(a? (o (0)+1,,(0) ars )+ 41, (2)) 


The maximum voltage over L,, as previously presented in Figure 124, is given by 
(4.43) when a ="7/, and a = *7/ 


2 


V, 


LG . max e Viv + (4.43) 


61 MAGNETIZING INDUCTANCE (LM) 

The value of the magnetizing inductance is obtained from the inductance factor 
presented in (4.17). Considering that this analysis is based on the continuous conduction 
mode and that the current ripple in the magnetizing inductance is a design requirement, the 
current ripple on LM is confirmed when a =”/, anda =º/, by means of (4.44). 
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100 (4.44) 


On solving the integral equation on (4.45), one can determine the average value of 
the current |, ,, 


lu=— |“ da (4.45) 


(4.46) 


The voltage on the magnetizing inductance reaches its maximum value during the 
first operating stage when a="/,anda=º/,. Therefore, regardless of which semi-cycle the 
output voltage is on, the maximum voltage is obtained by the relation presented in (4.47). 


Vim max > Vin — Vic (Ar, ) (4.47) 


71 AUXILIARY SWITCHING CAPACITOR (CG) 


The method adopted to calculate the auxiliary switching capacitor does not take into 
account the resonance that the capacitor has with the magnetizing and auxiliary inductances 
during the third and fourth operating stages. Instead, this resonance is considered a voltage 
ripple, presented as an initial design requirement. Therefore, the auxiliary switching capacitor 
presents a certain voltage ripple and its value is calculated to satisfy this requirement. Itis 
noteworthy that the voltage ripple in the capacitor CG is considered negative because the 
voltage defined by (4.30) is negative as well. Therefore, considering that the voltage ripple 
is not a negative value, the convention presented in (4.48) was adopted. 


AV =Voc Vega (4.48) 


The equation that defines the capacitor by its voltage ripple is obtained from analysis 


of the current in the capacitor during the third operating stage, as equation (4.49) presents. 


di 1h, 
É 2AV 


(4.49) 


Based on the waveform of the current in the auxiliary switching capacitor C,, 
presented in Figure 126, both the average and RMS current values are determined by the 
integral equations presented in (4.50) and (4.51), respectively. 
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(4.50) 


(4.51) 


*H— + —+—+— 
At, At, At, At; At, 


Figure 126 — Active-clamping flyback converter — current waveform in C,. 


Source: Self-authorship 


81 MAIN SWITCH (S7) 


The analysis of the waveform of the currentin S,, presented in Figure 127, shows that 
S, has the same current values of /,,, during the first, sixth and seventh operating stages. 


At, At, At, Ats At, 
Figure 127 — Active-clamping flyback converter - current waveform in S.. 


Source: Self-authorship 


This definition allows the evaluation of the average current in S, as presented in 
(4.52). 
2r o = A At, 
A (la) + toi(2) an (0) +(1(2)- toi (2) (Mt (2)+ A (0), (4,59) 
0 


Equation (4.53) provides the means for calculating the RMS current value in S.. 
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2% 37, 


Lo rms = da 


(4.53) 
As presented in Figure 128, the maximum voltage across Sis Vim =Vn” Voa 


ZVS is achieved in the main switch (S.), when the PWM pulse of the switch is delayed 


imax 


from the exact moment when the sixth operating stage starts to a maximum moment when 
this operating stage finishes. Because the current is negative during the sixth operating 
stage, ifthe PWM pulse is not active, the current will circulate through the anti-parallel diode 
of the switch, which guarantees zero voltage over the terminals of the switch. In Figure 128, 
the hatched area shows that at any time during the sixth operating stage the voltage on S, 
is already null, which guarantees the zero voltage switching. However, if the PWM pulse is 
not given until the sixth stage finishes, the seventh operating stage will not start. 


E SR SD 
At, "ht Ab AG AG 


Figure 128 — Active-clamping flyback converter — voltage waveform in S,. 


Source: Self-authorship 


91 AUXILIARY ACTIVE-CLAMPING SWITCH (SG) 


Considering the equivalent circuit of the third and fourth operating stages 
(respectively, Figure 119 and Figure 120) when C, and S, are associated in series, the 
current that circulates in the auxiliary active-clamping switch is the same as the auxiliary 
switching capacitor. Therefore, the equations of the average and effective current values 
for S, are the same as presented for the auxiliary switching capacitor, respectively in (4.50) 
and (4.51). 

Similar to the main switch S,, ZVS is achieved in S, by delaying the command pulse 
to the switch. In this case, the current in the switch is negative during the third operating 
stage (Figure 126), which means that the pulse can be delayed for as long as the third 
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operating stage endures. Therefore, the switch must be turned on in order to start the fourth 
operating stage. 


(1-D) (Ton) 


E 


At, his ty Alo Ab 
Figure 129 - Active-clamping flyback converter — voltage waveform in S.. 
Source: Self-authorship 
Ideally, the PWM pulse is delayed for a short while because the on resistance (R,son) 
of the switch is smaller than the intrinsic resistance of the anti-parallel diode in the switch, 
thus reducing the conduction losses. In addition, by turning on the switch, the voltage drop 
of the anti-parallel diode is taken out of equation. 


10 | OUTPUT FILTER CAPACITOR (C,) 


The choice of the output filter capacitor is made under the same premises of the 
auxiliary switching capacitor. A voltage ripple is defined as an initial design requirement 
based on the output voltage of the converter and the capacitor is then defined in order to 
satisfy this requirement. The output voltage ripple is defined as given by (4.54). 


AN =WAVo (4.54) 


The equation of the output capacitor by its voltage ripple is determined for the 
duration of the duty cycle of the main switch (D), where the output capacitor discharges, 
supplying the current to the output, as presented in (4.55). 


Ce (4.95) 
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11 | BLOCKING DIODES (D, AND D,) AND SWITCHES (S, AND S,) 


Voltages and currents for both diodes D, and D, present the same value, though 
the operation of these diodes occur in distinct periods. When the angle a varies from zero 
to p (pi), the energy is transferred from the primary to the secondary winding of the flyback 
inductor through D,. Similarly, whena varies from rrto 2rTthe energy is transferred through 
D,, Therefore, even though the waveform of the current presented in Figure 130 is identified 
as lp, it is valid for the analysis of the currentin D, when V<O and m<a<2r. 

The maximum current in both D, and D,, presented in Figure 130, is given by (4.56). 


3 Lo+L, 
[a (5) pm (E) = +27 ix (4.56) 
n 


A (12+1x)/n 


*—K—+—+k— 
At, At, At, At; At; 


Figure 130 - Active-clamping flyback converter — current waveform in D,. 


Source: Self-authorship 


The average current value is calculated as given by the integral equation (4.57) for 
D, and as (4.58) for D,. Because one diode is conducting while the other is blocked for half 
a cycle of the output current, D, is turned on ffom O<a<7m, while D, is turned on from m 


<a<2m. 
El Pe e, (4.57) 
gd | Ux (6) + Ira (0) (ao (0) + Ar (a) + ate (0) + An (28)) (4.58) 
27 2Tn 


The RMS currents values in D, and D, are obtained by solving (4.59) and (4.60), 
respectively. 
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(Ar (0) + Ar, (0)+ Ai, (0) + Ar, (0º)) 
27 3T nº 


do (4.59) 


Ip “RMS 


(0) (48, (00) + Ar, (0º) + At, (02) + At, (0º) 
3T nº 


da (4.60) 


Fon Rus = 


The maximum voltage on DP and DN are defined, respectively, by (4.61) and (4.62). 


(A mM 
VP si = Y [5] + Vi [E av + Viyn (4.61 ) 
37 37 
Von max -u(E)-n( Jam +Viyn (4.62) 


Because the blocking diodes are positioned in series with switches S, and S,, and the 
switching strategy states that switch and diode are turned on at the same time, the current 
in both switches are the same as the diode in which they are is in series with. Therefore, 
the average currentin S, is the same as D, and S, the same as D,, as respectively given 
by (4.63) and (4.64). 


Ip =Ip (4.63) 
Toy =Ew (4.64) 


Similarly, the RMS current values are the same as well, as (4.65) and (4.66) present. 


(4.65) 


E: = pp Rus 


(4.66) 


Ev Rs =I,w Rs 


Maximum voltage on S, happens when, in the negative semi-cycle, the output and 
magnetizing inductance voltages sum on its terminals at a = º”/,, as given by (4.67). The 
same situation occurs in the positive semi-cycle for S, when a = /,, as presented in (4.68) 


3 
Vop max =—Viyh -v(5) (4.67) 


(4 
Leme =Aun-(5) (4.68) 
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12 | SMALL-SIGNAL ANALYSIS WITH RESISTIVE OUTPUT LOAD 


A simplified model is proposed for the small signal analysis of the converter, so 
that the current in the magnetizing inductance is considered constant. This simplification 
changes the variation of the current in the auxiliary switching inductance during the first 
operating stage as well. Therefore, the operating stages must be reanalyzed and /,, must be 
redefined. Figure 131 shows the difference of the current analyzed in the model adopted (A) 
up until this point and the simplified model (B). This analysis, although simplified, presents 
high fidelity in relation to the behavior of the converter. 


Ts É 


| 

] ] 
T | 
] | 
] | 
* 3 
At, At, At, At At, At, At, At, At, At, 
(A) (B) 


Figure 131 - Active-clamping flyback converter waveform of the current in L, in (A) adopted model. (B) 
Simplified model. 


Source: Self-authorship 


The equivalent circuits of the operating stages remain the same. However, based on 
the differences of the waveforms presented in Figure 131 (A) and Figure 131 (B), the initial 
and final conditions of each operating stage must be reassessed. 

In the first operating stage, there is no variation of the current in L,. Therefore, the 
voltage V, is zero. 

During the third operating stage, the current in L, varies from [,, to zero. From the 
analysis of the equivalent circuit (Figure 119), the voltage on L, is defined by (4.70). The 
duration of the third operating stage is obtained from the Faraday's law of induction, which 
gives (4.70). 


V; 
Wo=Yo to (4.69) 
ar, = ——uube (4.70) 


The current in the auxiliary switching inductance changes from zero to -I,, in the 
fourth operating stage. The analysis of the voltages in this operating stage, on the other 
hand, shows that there is no variation of the equivalent circuit, as (4.71) presents. The 


Active-clamping single-stage flyback converter 


128 


duration of the fourth operating stage is given by (4.72). 


Vic = Vo +42 (4.71) 
n 

At, = damro (4.72) 
V..- 


In the sixth operating stage, as S,, is turned on, the equivalent circuit changes in 
relation to the fourth operating stage. In addition, the current changes from -[,,, to zero. The 
voltage on L,, obtained from the analysis of the equivalent circuit, is presented in (4.73). The 
duration of the sixth operating stage is given by (4.74). 


Via = Vi + Jo (4.73) 
n 

— I MIN L 4.74 

At, = 5 (4.74) 


E+L 
n 


Finally, the current in L, changes from zero to /,, in the seventh operating stage. 
Because the equivalent circuit does not change from the sixth to the seventh operating 
stage, the voltage on L, does not change from the previous stage, as (4.75) shows. The 
duration of the seventh operating stage is given by (4.76). 


Vo 


Vic=Vy ++ (4.75) 
n 

Ar, = tatha. (4.76) 
Vig += 


n 


Assuming that, the duration of the third and fourth operating stages are equal in 
steady state and that these two operating stages correspond to the off period of S,, At, and 
At, can be defined as given by (4.77). 

I-D 
At, = At, = ( (4.77) 
| 2, 

Once an additional equation defines both At, and At, in (4.77), the average current 
values for |, and |, are obtained, respectively, from (4.70) and (4.72), as given by (4.78) 
and (4.79), respectively. 
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mM = 2fL (4.78) 
(1-D)( Ve 6) 
Lan = DL d (4.79) 


The resultant equations (4.78) and (4.79) indicate that since the duration of the third 


and fourth operating stages are set as equal in (4.77) and |, are equal as well. By 


I 
2 LM 
substituting (4.79) in (4.74) an equation that defines At, is defined without depending on 


as given by (4.80). 


om, 


At, = (1-0) ba) (4.80) 


28.(Vw +) 


Similarly, by substituting (4.78) in (4.76), an equation that defines At, without 
depending on 1, , is given by (4.81). 


(1-D)(Vc-",) 


At, =— AL (4.81) 


2f, (Va OA 


Considering that switch S, is turned on during the first, sixth and seventh operating 
stages, the duration of the first operating stage is finally obtained from the sum of the 
operating stages that consist the duty cycle. Thus, At, is given by (4.82). 


p (1-7) 


Ai SE ma a (4.82) 


do fu) 


As the equivalent circuits of the operating stages are the same as presented in 
section 4.3, the voltage V.., obtained from the volt-second analysis of the magnetizing 
inductance L,, is the same as (4.30). 

Despite the assumption of the third and fourth operating stages being equal with 
the converter operating in steady state, this equality is not true for a transient response. 
Therefore, different equations that define /,, and At, are needed for further linearization. In 
this case, At, can be defined as given by (4.83). 
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ig= Pope (4.83) 
f v. RA 
id n 


By substituting (4.83) in (4.72), ln is defined as presented in (4.84). 


[Ve Hj a 


-1 
É A L ii 


Luan = (4.84) 
Itis noteworthy that (4.83) and (4.84) are not equal to (4.77) and (4.79), respectively, 
unless they are forced to be. 
The small-signal variation of [, is obtained by applying perturbations in (4.84), as 
given by the resultant first order terms presented in (4.85). 


E -d(i fv cg 9) ves (t)D' vo()D' , 


il)="" Sor mt ut) (4.85) 


Next, the linearization of the duration of the operating stages are necessary, in order 


to obtain the control to output transfer function. The linearization of obtained by applying the 
partial differentiations presented in (4.86). 


Po DADO DA DA 
At; (t) = av, vol) tor im (47 Veo(t) (4.86) 


CG 


Using equation (4.70) in (4.86), RE (t) is given by (4.87). 


É Lilo º L, é Lao í 


= V 2 vol) + — A im ()-— E Vest) (4.87) 
n(Ve ="0 A (Ve — Y%.) (Ve ="0 : 


The linearization of At, is given by (4.88). 


Ê dAt, * dAt, dAt, * dAt, 
At,(t)=——td(t glt)+—v 
alt) D ( )+ IV Voc ) 9V, v du 


E (1) (4.88) 


Using equation (4.83) in (4.88), At, (t) is obtained as given by (4.89). 


(4.89) 
The linearization of At, is given by (4.90). 


Active-clamping single-stage flyback converter 


131 


É A DÁS dA," DA. Ar, * 


(= too Sl) pia DA A(O) (490) 


Using (4.74) in (4.90), At, (t) is given by (4.91). 


e A 
= (DV *Vog)- ru sto e 


(1) — es (1) Ko (1) 
5 o t)+ V equi Y d(t)- V im 4 
sm %] mt Y] Aa Y%] [nt Y%) 


(4.91) 
The linearization of At, is given by (4.92). 
é dAt, * dAr, .* 
AL ()=—y()+—imlt 4.92 
a ) 9V, | ) du A ) ( ) 
Using (4.76) in (4.92), At, (t) is given by (4.98). 
= uLc º LG 
as,(n)=—— ato y (4 ir (8) (4.99) 
V +Xo E V ; +47 
ni Vw É IN n 
The linearization of At, is obtained by equation (4.94). 
A d(t) A A 
ii e(t)— Ar, (t) (4.94) 


Using (4.91) and (4.93) in (4.94), At (t) is given by (4.95). 


A 


As(t)= Viy + Voa , (1-D)(E+Vec) n(t)- 
f 


— V Do WE E RS IVA 
ARA + 0 n ) sm + A n (Vim +'0 E ) 


With the duration of all the operating stages already linearized, it is necessary to 


apply the volt-second balance in the magnetizing inductance, which reads as given by 
equation (4.96). 


dl dim(t) ] v, NUA 
Ly a. ç” (sto) tvi) ás | Y n 


DD) sli) (4:05) 


Js 


(4.96) 


The first order terms of equation (4.96) are used to apply the Laplace transform and 
to obtain (4.97). 
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sLy lola )= Ar, (s) sÃVm 8) (1-A8,f,) (4.97) 


Next, the capacitor charge balance in C,, is given by equation (4.98). 


A A A 


dV.. dvcolt) A I iru (t) , AS (a E 

Co| —EL + O |=| A, +A(t) | Ls | fo] Ar, + Ar (t) || UU + 
G dt dt 3 s(t) 2 2 Ff, 4 AU 2 2 A 
(4.98) 


The first order terms of (4.98) are used to apply the Laplace transform and obtain 
(4.99). 


A A 


sC, voo (1) = An, “ue (e) DF +Ar,(s ) au f-—At, imo -at(s po Tum f (4.99) 


Finally, the last frequency domain equation is obtained, initially, ftom the analysis of 
the current in the diode, which is given by (4.100). 


(oo)= 1[ ram [ut tlam (4.100) 


From the sum of currents in the output filter capacitor, it is possible to obtain (4.101). 


(ico) =(ipp) — (io) (4.101) 
Use (4.100) in (4.101) and perturb, to obtain (4.102). 


A A A 


dv ” j til , 
E dVo , dvolt) =f if ti) Tou + Tn RU) lmin (1) MY volt) 
dt dt J, 2 2 R R 


(4.102) 


The Laplace transform of the resulting first order terms from (4.102) results in (4.103). 


A 


5Cgvo(6) É (6) +) SÉ ir (9) (9) E (1, + 


2n 2n 


Vo 
MIN J== 
(4.103) 


With equations (4.97), (4.99) and (4.103) a system of equations is built in (4.104) that 
shows two unknown variables in /',, (s) and v'.a (8). 
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(1 = At, Ê ) 
RO ) 


SC, Voo (t) = Ar, min (O) p Ay (9) Jum p 


izu(s) Ty pn 
5 Um S) 4 ars jr 5 f—At, 


A 


sCono(s)= litro) Mica) Meta 


(4.104) 


Substitute v”, (s) for , (s) Ryto obtain the system of equations presented in 


is(s)R, 
sLy io ( (5) 4 (Vw + yu E DO (1- At, f,) 
Co voo )=A iu Lp a(o) up ag E Ep ao (5) Lu 
aimn-ifio iam (5 | E [ils im (5 JL (+ ue) ils) 


(4.105) 


By substituting the small-signal variables of the duration of the operating stages 
and isolating the unknown variables, the duty-cycle-to-output-current transfer function is 
obtained as given by (4.106). 


vls) Bs'+B,s +Bs+B,s 
ER ESPOSO NPR Pa (4.106) 
d(s) As +As +AS+A, 


Where: 
* B=0; 
é B,=8C Ly fr(nVoo—Vo) (Voy + Voc) (Voy + Vo) (-1+D); 
e B=2L, (-1+D) (nV,+V,) (nVo-Vo) ; 
* B=4fnL(-1+D) (nV,+V)) (Vw +Voc) 5 
o A=8BCCL Ly RS nº (nV+Vo) 
o 4 =8 fly [Aos +Ag] a 


dam =|[E 0º C,+C;)Vw +(2CV,n+2C, Voo Win + Vet Co AVEC, (14 DJ R | 


Aq = FC (NV + Vo) ; 


Active-clamping single-stage flyback converter 


134 


2 


+ ABCD | A+ RCE (nato) | 


Ag [SED (a MO RD (Ma + | 


2 2 
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13 | CONCLUSION 


This chapter presents a dc-ac active-clamping flyback converter that offers 
some improvements from the converter previously studied in Chapters 2 and 3. Also, a 
mathematical analysis of the currents and voltages in all components are studied in depth. 
Some simplifications were made concerning the voltage and current in the auxiliary switching 
capacitor CG, whose impacts are evaluated in the simulation and experimental results in 
Chapter 5. In addition, a duty-cycle-to-output-current transfer function is presented for an 
offline, linear load application. 
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DESIGN, SIMULATION AND EXPERIMENTAL RESULTS OF 
THE DC-AC ACTIVE CLAMPING FLYBACK CONVERTER 


11 INTRODUCTION 

This chapter presents the design of the prototype based on the converter analyzed 
in Chapter 4. Initially, a methodology is proposed for the design of the prototype, in order 
to determine and satisfy the design requirements. The calculated values in the design 
methodology are confirmed by means of numerical simulation. Finally, experimental results 
are presented. 


21 DESIGN METHODOLOGY 


Table 13 presents the initial design requirements chosen for this methodology. 


Input Voltage E 
RMS Output Voltage Vnriis 
Output Voltage Frequency f 
Active Output Power P, 
Switching Frequency f. 
Coupled Inductor Current Ripple Al, 
Voltage Conversion Ratio M 


Table 13 - Requirements of the DC-AC active-clamping flyback converter. 


Source: Self-authorship 


Once the requirements are known, one can follow the steps of the script below to 
design the converter: 


* | Determine a maximum output voltage, based on the RMS output voltage value; 


* | Calculate the equivalent turns ratio of the flyback inductor for the given static 
gain; 

* Determine a small auxiliary switching inductor (L.) that guarantees soft- swit- 
chingin S, and S,; 


* | Calculate the equivalent parameterized output current; 
* | Calculate the maximum duty cycle and inductance factor; 


*  Calculate the maximum (1, ,) and minimum (1, ,) current in the magnetizing induc- 
tance; 
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* | Calculate the magnetizing inductance (L,); 


* | Calculate the auxiliary switching capacitance (C,) in order to result in a small 
voltage ripple; 


e Calculate the duration of each operating stage; 


e Calculate the average and RMS current values for the inductors, switches, dio- 
des and capacitors; 


* | Calculate the maximum voltage over the components of the circuit; 


* | Calculate the output capacitor (C ). 


31 REQUIREMENTS SPECIFICATIONS 


For comparative purposes and similarity of applications, the rated output power, 
utility line frequency, input voltage and output voltage were maintained from the converter 
presented in Chapter 3. 

The switching frequency was initially set at 100 kHz and the prototype was designed 
and optimized for this switching frequency. However, as the initial tests were performed, 
the concerns over the driver technology used in both prototypes presented in this work 
were confirmed and some of the switching losses verified were justified by the inability of 
the driver to trigger the gate of the switches fast enough. A speculative test with both an 
auxiliary switching inductance (L,) and a magnetizing inductance (L,) specially designed for 
50 kHz was performed to check potential improvements. 

Considering that the final purpose of this research is to design converters suited for 
grid connection applications, the current ripple in the magnetizing inductance was set as 
high as 30 % (100 kHz) and 50% (50 kHz) of the average current when a = 77 2 or when a = 
3772. This advantage allows reducing the magnetizing inductance value, therefore, reducing 
the volume of the magnetics. Grid-tied inverters, in order to reduce as much as possible the 
high frequency harmonics, usually have an additional high frequency choke at its output. 
This advantage allows high frequency harmonics to be filtered in the output instead of in the 
magnetizing inductance of the flyback inductor. 

Considering the effects of voltage surges on the overall power efficiency of the 
converter presented in Chapter 3, the utilization of the turns ratio of the flyback inductor 
was preferred instead of using it for the sole purpose of galvanic isolation. This decision 
led to reduced voltage on the primary winding, therefore the voltage on the switches are 
reduced as well. Another advantageous fact is that the switches in the secondary windings 
are complementarily switched in the same frequency of the utility line, which means that the 
change of state occurs when the output voltage is almost zero. 

Table 14 summarizes the requirements adopted for the design of the dc-ac active- 
clamping flyback converter. 
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Input Voltage E 70 V 

RMS Output Voltage Vais 127 V 

Output Voltage Frequency f 60 Hz 

Active Output Power P, 500 W 

Switching Frequency f. 50 kHz / 100 kHz 
Coupled Inductor Current Ripple Al, (50/100 kHz) 50 %/30 % 
Voltage Conversion Ratio M 0.6 


Table 14 - Requirements specifications of the DC-AC active-clamping flyback converter. 


Source: Self-authorship 


41 NUMERICAL SIMULATION 


This section presents the simulation results obtained. The value of the components 
used for both simulations are presented in Table 5, as a results of the calculations presented 
in Appendix G for the 50kHz converter and Appendix H for the 100 kHz. 

The auxiliary switching inductance and current ripple in the magnetizing inductance 
were adjusted from the original 100 kHz calculation in order to keep the parameterized 
output current, duty cycle and current values in the magnetizing inductance as close as 
possible when operating in 50 kHz. 


Variable 50 kHz 100 kHz 
Maximum Output Voltage Vo 179.6 V 179.6 V 
Turns Ratio tin 4.267 4.267 
Auxiliary Switching Inductor L. 4uF 24F 
Parameterized Output Current 1 À 0.136 0.136 
Maximum Duty Cycle D 0.545 0.531 
Inductance Factor À 0.153 0.09 
Minimum Current in LM Im (TT 2) 28.571 A 32.381 A 
Maximum Current in LM mo (72) 47.619 A 43.81 A 
Magnetizing Inductance L, 26.062 uH 22.219 uH 
Auxiliary Switching Capacitance C, 24F 24F 
Output Capacitor C, 2uF 2uF 


Table 15 - DC-AC active-clamping flyback converter — calculated components. 


Source: Self-authorship 
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The software PSIMO performed all simulation results presented in this chapter. 
Figure 132 presents the simulated circuit for both switching frequencies. 
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Figure 132 - Simulation circuit - DC-AC active-clamping flyback converter. 


Source: Self-authorship 


The validation of the analysis, therefore the equations obtained, are performed here 
using the parameters calculated for the converter operating with switching frequency of 100 
kHz. 

Considering that the majority of the analysis depends on the accuracy of the values 
of ,, and |,,, the first two variables to be verified are these. Figure 133 presents the current 
in the magnetizing inductance (L,). The values of the maximum and minimum current 
in L, are of singular importance because the equations that define the duration of the 
operating stages depend directly on them. In the waveform presented in Figure 133, the 
maximum current (/,,) is 45.55 A and the minimum (/,,) is 33.9 4. The differences from the 
calculated values to the simulated results are, respectively, of 3,97 % and 4.99 %. These 
differences are justified by the simplification made for the calculation of the currents and 
voltages, where the dynamics between C,, L, and L, are neglected. Thus, these results are 
considered acceptable as long as the duration of the operating stages presents acceptable 
approximated values as well. 
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Figure 133 - DC-AC active-clamping flyback converter - simulation results of the L,, current. 


Source: Self-authorship 


Another important value that validates the analysis of the converter is the intermediate 


current value |, ,. Obtained from the variation of the current in the magnetizing induciance 


from Ito |,, and used to define the current in the blocking diodes, given by (4.23), this 


value is important to define the duty cycle of the converter by means of the output current 


equation. Figure 134 presents the value of the current in the magnetizing inductance when 


the current is maximum in the blocking diode D,. For a = ,, the difference between the 


calculated and simulated value is 4.7%, which is within the differences obtained from the 


same comparison made for /,, and |, 
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KLm) 3.6669440e+001 


Figure 134 - DC-AC active-clamping flyback converter - simulation Result of /, ,. 


Source: Self-authorship 


Figure 135 confirms the duration of the first operating stage given by equation (4.37) 


and the theoretical waveform presented in Figure 124. When a = ,, a difference of 0.7 % 


is registered between calculations and simulation results. 
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Figure 135 - DC-AC active-clamping flyback converter — simulation result of At. 


Source: Self-authorship 


Figure 136 confirms the duration of the third operating stage given by equation 
(4.38). When a =, , the difference between calculations and simulation results is 1.47%. 
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Figure 136 - DC-AC active-clamping flyback converter — simulation result of 4t,. 


Source: Self-authorship 


Figure 137 confirms the duration of the fourth operating stage given by equation 
(4.38). When a = Y,, the difference between calculations and simulation results is 0.2%. 
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Figure 137 - DC-AC active-clamping flyback converter — simulation result of 4t,. 


Source: Self-authorship 
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Figure 138 confirms the duration of the sixth operating stage given by equation 
(4.39). Whena a= "/, , the difference between calculations and simulation results is 4.7%. 
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Figure 138 - DC-AC active-clamping flyback converter — simulation result of 4t,. 


Source: Self-authorship 


Figure 139 confirms the duration of the seventh operating stage given by equation 
(4.40). When a = Y,, the difference between calculations and simulation results is 0.38%. 
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Figure 139 - DC-AC active-clamping flyback converter — simulation result of At, 


Source: Self-authorship 


Once the duration of the operating stages do not present any percentage variation 
larger than the differences of the calculated and simulated values for the currents, these are 
considered acceptable approximated results. 

With the currents and duration of the operating stages confirmed, it is interesting to 
check if the ZVS really occurs for S1 and SG. According to the statement in section 4.8, ZVS 
is achieved in both switches by delaying the PWM pulses by a minor period. In Figure 140, 
the simulation results show that ZVS occurs in both switches. In both Figure 140 (A) and 
(B), the PWM pulses were delayed for 83.33 ns. The maximum period that the PWM can be 
delayed for S1 is the duration of the sixth operating stage, in this case 745.1 ns. However, 
considering that the duration of the operating stages varies with a, it is understood that ZVS 
may not be achieved for the whole variation of a from zero to 271. 
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Figure 140 - DC-AC active-clamping flyback converter ZVS Evidence in (A) S,,. (B) S,, 


Source: Self-authorship 


Figure 141 presents the output voltage in switching frequencies of 50 kHz in (A) and 
100 kHzin (C). From the simulation results, it is expected that this converter present almost 
no low frequency harmonics, considering that the both the 50 kHz and the 100 kHz outputs 
show, respectively, only a small third harmonic in Figure 141 (B) and (D). 
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Figure 141 — Non-linearized output voltage (A) V, 50 kHz. (B) FFT/THD 50 kHz. (C) V, 100 kHz. (D) 
FFT/THD 100 kHz. 


Source: Self-authorship 
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The output voltage obtained from a linearized duty cycle is presented in Figure 142. 
These results shows that the reduced switching frequency (50 kHz) may produce more low 
frequency harmonics than the original 100 kHz. 
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Figure 142 - Linearized output Voltage (A) V, 50 kHz. (B) FFT/THD 50 kHz. (C) V, 100 kHz. (D) FFT/ 
THD 100 kHz. 


Source: Self-authorship 


Table 16 summarizes the most important values of the simulation. All but the identified 
values displayed are calculated/simulated with the same requirements presented in Table 
15. Although the calculated/simulated current values are not as accurate as expected, 
the other differences are minimum and acceptable. An experiment was made varying the 
capacitor C, to obtain a current waveform as close as possible to the one presented in 
Figure 126, which was made possible with a 10 uF capacitor. The results show that the 
majority of the values converge to the calculated, showing that the neglected dynamics 
involving the auxiliary switching capacitor can produce significant differences. 
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Variable Calculated' Simulated?  Diff. 


RMS Output Voltage Vo RMS 127V 129.5 V 1.97 % 
RMS Output Voltage (10 HF) Vo RMS 127V 128.1 V 0.86 % 
Peak Output Voltage Vo 179.6 V 180.5 V 0.51 % 
Output Current lo (1/2) 5.568 A 5.597 A 0.53 % 
Magnetizing Ind. Current /L1 IL1 (1/2) 32.381 A 32.78 A 1.24 % 
Magnetizing Ind. Current /L2 IL2 (1/2) 43.81 A 44.06 A 0.58 % 
Avg. Magnetizing Ind. Current ILM 22.3A 23.01 A 3.19 % 
First Operating Stage At (12) 3.954 us 3.905 us 1.24 % 
Third Operating Stage Ats (12) 2.343 Us 2.389 Us 1.97 % 
Fourth Operating Stage Ata (rv2) 2.343 Us 2.331 us 0.52 % 
Sixth Operating Stage Até (1/2) 0.782 us 0.807 us 3.2 % 
Seventh Operating Stage At7 (rv2) 0.578 us 0.582 us 0.7 % 
Voltage on CG Vca -794V -75.33 V 5.13 % 
Avg. Currentin CG IcG 0A -0.62 mA NA 
RMS Current in CG ICG RMS 12.447 A 14.56 A 16.98 % 
RMS Current in CG (10 uF) IcG RMS 12.447 A 12.85 A 3.24 % 
Avg. Currentin S7 IS1 TA43A 7.448A 4.27 % 
Avg. Currentin S7 (10 uF) IS1 TA43A 7.286 A 2% 
RMS Currentin S1 IS1 RMS 17.723 A 16.48 A 7.02 % 
Max. Voltage on S7 VS1 max 149.401 A 158.01 V 5.77 % 
Avg. Currentin SP ISP 1.772 A 1.82 A 2.71 % 
RMS Current in SP ISP RMS 4.009 A 4.283 A 5.59 % 
RMS Current in SP (10 uF) ISP RMS 4.009 A 4.062 A 1.32 % 
Max. Voltage on DP VDP max 484.76 V 470 V 3.05 % 


Table 16 - DC-AC active-clamping flyback converter — 100 kHz - comparative results 


Source: Self-authorship 


The differences between the calculated and simulated values, using the requirements 
of Table 15 are even more evident in Table 17, which contain the simulation results of the 
50 kHz operation. In this case, the differences are even more prominent, becoming clear 
that the auxiliary switching capacitor has influence on the energy transfer. However, just as 
previously presented in Table 16, as C, is reduced, the simulated values tend to converge. 


1 All calculations available on Appendix G. 
2 All but the identified values were simulated with the 2 yF capacitor in CG 
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Variable Calculatedº Simulated*  Diff. 
RMS Output Voltage Vo RMS 127V 135 V 6.3 % 
RMS Output Voltage (10 uF) Vo RMS 127V 124.8 V 1.76 % 
Peak Output Voltage Vo 179.6 V 178.6 V 0.56 % 
Output Current lo (rv2) 5.568 A 5.583 A 0.63 % 
Magnetizing Ind. Current /L1 IL (1/2) 28.571 A 28.362 A 0.74 % 
Magnetizing Ind. Current /L2 ILZ2 (12) 47.619 A 47.088 A 1.12% 
Avg. Magnetizing Ind. Current ILM 38.095 A 37.93 A 0.44 % 
First Operating Stage AH (12) 8.18 us 8.1 us 0.98 % 
Third Operating Stage Ats (1/2) 4.549 us 4.65 us 2.23 % 
Fourth Operating Stage Ata (12) 4.549 us 4.36 us 4.16% 
Sixth Operating Stage Até (1/2) 1.701 us 2.02 us 18.76 % 
Sixth Operating Stage (10 HF) Até (1/2) 1.701 ps 1.6 us 6.31 % 
Seventh Operating Stage At7 (rv2) 1.02 us 1.04 us 1.97 % 
Voltage on CG Vcg -83.869 V -76.11V 9.26 % 
Avg. Currentin CG IcG 0A -0.39 mA NA 
RMS Currentin CG IcG RMS 13.508 A 18.25 A 35.11 % 
RMS Current in CG (10 uF) ICG RMS 13.508 A 13.98 A 3.37 % 
Avg. Currentin S1 IS1 7143 A 8.081 A 13.1 % 
Avg. Currentin S7 (10 uF) IS1 TA43A 6.907 A 3.4 % 
RMS Currentin S1 IS1 RMS 18.176 A 17.16A 5.59 % 
Max. Voltage on S7 VSt max 181.127 V 174.6 V 3.61 % 
Avg. Currentin SP ISP 1.772 A 1.945 A 9.77 % 
Avg. Current in SP (10 uF) ISP 1.772 A 1.747 A 1.43 % 
RMS Current in SP ISP RMS 4.05 A 4.6A 13.59 % 
RMS Currentin SP (10 uF) ISP RMS 4.05 A 3.99 A 1.5% 
Max. Voltage on DP VDP max 469.651 V 453.28 V 3.49 % 


Table 17 - DC-AC active-clamping flyback converter — 50 kHz - comparative results 


Source: Self-authorship 


The experiments varying the capacitance in C, is justified by the disparity of the 
waveforms presented in Figure 143 (A) and (B). In (A), is presented a waveform that 
represents the current in the capacitor when the capacitance is 10 uF. Itis clear that, for this 
3 All calculations available on Appendix H. 


4 All but the identified values were simulated with the 2 yF capacitor in CG 
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particular capacitance in this case, the waveform in (A) is similar to the theoretical waveform 
studied during the analysis of the converter and presented in Figure 126. However, if the 
capacitance is not adjusted properly, for this particular case where the dynamics of the 
capacitor C, and inductor L, and L, are neglected, the differences between the calculated 
and simulated values tend to become larger as the waveform of the current approximates 
itself to the waveform in (B). 
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Figure 143 - DC-AC active-clamping flyback converter — 50 kHz (A) 10 uF. (B) 2 uF. 


Source: Self-authorship 


The control-to-output voltage transfer function is validated via simulation by applying 
a step in the duty cycle and comparing the similarity of the transient responses given by 
the transfer function and the simulated circuit, as presented in Figure 144. It is possible to 
evaluate that the simplifications made regarding the current in the magnetizing inductance 
presents little impact. The small error in the output voltage presented is more related to the 
neglected dynamic of the auxiliary and output capacitor than the current in the magnetizing 
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Figure 144 - DC-AC active-clamping flyback converter — 50 kHz (A) 10 uF. (B) 2 uF. 


Source: Self-authorship 
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For this converter, a phase-locked loop (PLL) control algorithm has been developed 
for implementation, in case of satisfactory simulation results. The purpose of this algorithm 
is to adjust the phase of the output generated by the converter with the phase of the grid, 
which is required for grid-tied converters. Although the design of this PLL has not been 
studied in depth in this work, the results of this simulation is presented in Figure 145 for the 
converter switched at 50 kHz, where the phase of the converter is initially dislocated 120 
degrees from the grid. 
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Figure 145 - DC-AC active-clamping flyback converter's linearized output voltage with PLL 50 kHz. 


Source: Self-authorship 


Figure 146 presents the converter switched at 100 kHz, adjusting its phase to the 
grid, which is initially dislocated 120 degrees. 
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Figure 146 - DC-AC active-clamping flyback converter's linearized output voltage with PLL 100 kHz. 


Source: Self-authorship 
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51 CHOICE OF COMPONENTS AND PROTOTYPE BUILT 


Based on the calculations and simulation results, this section highlights the main 
requirements adopted to choose the components for the prototype. It also presents the 
requirements adopted to build the flyback inductor and the winding procedure adopted. 

Whereas the converter was initially intended for 100 kHz operation, the parameters 
presented are loyal to its original purpose. Therefore, the 50 kHz currents and voltages are 


not present in this section. 


5.1 Switches and diodes 

The first requirement observed to choose the switches were the maximum voltages 
and currents during steady-state operation. Table 18 displays the main parameters for the 
choice of the switches. 

Because both switches S7 and SG are submitted to similar values of voltages and 
currents, the same component is dimensioned for both switches. Similarly, due to the 
voltages and currents in SP and SN are identical, the component dimensioned for both is 


also the same. 


Variable 100 kHz” 
VS1 max 149.4 V 
Maximum Voltage 
VsG max 149.4 V 
VSP max/VSN max 359.2 V 
IS1 max 43.81 A 
Peak Current 
ISG max 43.81 A 
ISP max /ISN max 18.41 A 
1S1/IS1 RMS 7.143 A/17.723A 
Average / RMS Current 
ISG /ISG RMS 0A/12.447 A 
ISP/ISP RMS 1.772 A/4.009 A 


Table 18 - DC-AC active-clamping flyback converter - requirements for choice of switches. 


Source: Self-authorship 


Based on the values of Table 18, the MOSFET chosen for this application was the 
IRFP4668PBF. As the maximum voltage rated for switch is 200 V, it can only used as S, 
and S,. An estimative of switching and conduction losses for this MOSFET is presented in 


5 All calculations available on Appendix G. 
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Appendix |. Table 19 presents the main characteristics of this switch. In this case, the low 
RDS (on) was a factor of major importance. 


Variable Datasheet Value 
Maximum Voltage VDSS 200 V 
RDS (on) typ. 8 mo 
On Resistance 
RDS (on) max. 9.7 mQ 
Drain Current ID 130 A 
Maximum Power Dissipation | PD 520 W 


Table 19 - MOSFET IRPF4668PBF main characteristics. 


Source: Self-authorship 


In the secondary windings, because of the turns ratio of the flyback inductor, the 
maximum voltage on the switches is higher than the voltage on the switches in the primary 
winding. Considering that the IGBTs used in the previous converter presented a satisfactory 
efficiency and overall behavior, the same switch (IXW40N65F5) was used as S, and S,, 
Table 10 displays the main characteristics of this IGBT. However, in the initial tests, the RCD 
clamps in the diodes and switches degraded the performance levels. In order to raise the 
clamped voltage, new switches were necessary. From this point onwards, the IGBT used in 
this application was the IHW20N120R3. Table 20 presents the main characteristics of this 
IGBT. The estimative of switching and conduction losses are presented in Appendix 1. 


Variable Datasheet Value 
Maximum Voltage VCE 1200 V 
IC=25C 40 A 
DC Collector Current 
IC = 100ºC 20 A 
Pulsed Collector Current ICpuls 60 A 
Threshold Voltage VTH 5.8V 


Table 20 — IGBT IHW20N120R3 main characteristics. 


Source: Self-authorship 


The process of choosing the diodes was the same as the switches. Although, for the 
diodes it was considered important the use of a high-frequency operation diode. Table 21 
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presents the main parameters used for the choice of the diodes. 


Variable 100 kHz” 
Maximum Voltage VDP max 484.76 V 
Peak Current IDP max 18.41 A 
Average / RMS Current ISP/ISP RMS 1.772 A/4.009 A 


Table 21 - DC-AC active-clamping flyback converter - requirements for choice of diodes. 


Source: Self-authorship 


Based on these results, the silicon carbide schotiky diode C3D06060A was chosen 
for this application. Table 22 presents the main characteristics of this diode. 


Variable Datasheet Value 
Repetitive Peak Reverse Voltage VRRM 600 V 
Surge Peak Reverse Voltage VRSM 600 V 
DC Blocking Voltage VDC 600 V 

IF (TC=25ºC) 19A 
Continuous Forward Current 

IF (TC=135ºC) 9A 

IFRM (TC=25º0) 30 A 
Repetitive Peak Forward Surge Content 

IFRM (TC=135"C) 20 A 

Ptot (TC=25"C) 88 w 
Power Dissipation 

Pot (TC=110"C) 38 W 

VF (Tj=25"C) Max. 1.7 V 
Forward Voltage 

VF (Tj=175ºC) Max. 2.4 V 


Table 22 — Diode C3D06060A main characteristics. 


Source: Self-authorship 


5.2 Output filter capacitors 


The output filter capacitors chosen for this application were generic polypropylene 
capacitors of 2.2 uF / 250 V. The main reason for the choice of these capacitors were 


6 All calculations available on Appendix G. 
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availability, ease of assembly and reliability. 


5.3 Magnetics 


Table 23 presents the requirements for the construction of the flyback inductors 
for each switching frequency. Although the converter is the same, the flyback inductors 
and auxiliary switching inductances need to be replaced in accordance to the switching 


frequency. 


Variable 100 kHz” 50 kHz. 
AC Inductance LM 26.062 uH 22.219 uH 
Max. Current (Primary Winding) IL2 43.81 A 47.619A 
Max. Current (Secondary Winding) IDP max 18.41 A 18.73 A 
AC Primary Winding RMS Current IS1 RMS 17.723 A 18.176A 
AC Secondary Winding RMS Current IDP RMS 4.009 A 4.05 A 
Current Ripple AILM 6.69 A 11.15 A 
Turns Ratio n 4.276 4.276 
Switching Frequency fs 100 kHz 50 kHz 


Table 23 - DC-AC active-clamping flyback converter — requirements of the flyback inductors. 


Source: Self-authorship 


In order to decrease the leakage inductance of the flyback inductor, it was used in 
these inductors the litz wire, which is intended to reduce the skin and proximity effects. The 
whole design of the 7100 kHz inductor is presented in Appendix J and the 50 kHz in Appendix 
K. 

The winding technique adopted is the same as presented in Figure 61. However, 
because these coupled inductors have two separate secondary windings, the resultant 
cross-section of these inductors is more similar to the drawing presented in Figure 147, 
where half of each winding is wound in sequence. 


7 Design presented in Appendix J. 
8 Design presented in Appendix K. 
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SEUL: P SEC. N 


Figure 147 — DC-AC active-clamping flyback converter — inductor winding technique. 


Source: Self-authorship 


The requirements for the construction of the auxiliary switching inductor are presented 
in Table 24. 


Variable 100 kHz. 50 kHz” 
AC Inductance LG 2uH 44H 
Max. Current IL2 43.81 A 47.619 A 
Min. Current -IL2 - 43.81 A - 47.619 A 


RMS Current ILG RMS 20.452 A 21.497 A 
Current Ripple AILG 85.62 A 95.288 A 
Max. Voltage VLG max 112 V 112 V 


Table 24 - DC-AC active-clamping flyback converter — requirements of the auxiliary inductors. 


Source: Self-authorship 


The design of the 100 kHz inductor is presented in Appendix L and the 50 kHz is 
presented in Appendix M. Both these auxiliary inductors were wound with litz wire. 


5.4 Auxiliary switching capacitor 


The parameters used to choose the auxiliary switching capacitance are presented 
in Table 25. 


9 Design presented in Appendix L. 
10 Design presented in Appendix M. 
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Variable 100 kHz 
Capacitance CG 2uF 
Max. Current IL2 43.81 A 
Min. Current -IL2 - 43.81 A 
RMS Current IcG RMS 12.447 A 
Max. Voltage VCG max 149.4V 


Table 25 - DC-AC active-clamping flyback converter — requirements of the auxiliary switching capacitor. 


Source: Self-authorship 


The capacitor chose was the generic polypropylene 447 F/ 250 V. The PCB was 
designed to use two capacitors in parallel to ease any modification, if necessary. Therefore, 
the equivalent capacitance utilized was of 24/3 F. 


5.5 Clamp circuit 

To reduce the effects of hard-switching in the secondary windings of the flyback 
inductors, it is employed a single RCD clamp circuit to clamp the voltage over the diode and 
the switch. This circuit is presented in Figure 148. Considering that the maximum voltages 
and currents are the same for D,/D, and S,/S,, the circuit is also the same. 


S 


YZ O 
E 


Do, E ES 


Figure 148 — DC-AC active-clamping flyback converter — RCD clamp circuit. 


Source: Self-authorship 


Similar to the converter presented in Chapter 3 the RCD clamp resistance was 
adjusted throughout the initial tests. Better efficiency levels were observed using two 5W 
56 kQ in series, which is coincidentally the same equivalent resistance of the clamp circuit 
adjusted for the converter presented in Chapter 3. The same capacitor of 1 uF /400 V was 
used as well. On the other hand, the diodes did not have to support as much current as 
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the MURA460 of the other circuit. In this case, the diodes used were the MUR1100, whose 
average rectified currentis 1 4, the maximum instantaneous forward voltage is 1.725V Q 250 
C and the maximum dc blocking voltage is 1000 V. 

5.6 Prototype 


Figure 149 presents a picture of the prototype built under the specifications presented 
in the previous sections of this chapter. 
The test setup comprises the following equipment: 


* Texas Instruments TMS320F28335 DSP: Used to generate the command pul- 
ses and AD converter; 


*— Tektronix DPO754C oscilloscope: all waveforms presented. 


* | Yokogawa WT500 power meter: efficiency measurements. 


Figure 149 - DC-AC active-clamping flyback converter — prototype. 


Source: Self-authorship 


61 EXPERIMENTAL RESULTS 

This section presents the experimental results of the converter operating in two 
different switching frequencies. Different capacitors were used between the drain and 
source of the switches S1 and SG, leading to different efficiency levels, which are further 
added at the efficiency tests section. 
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The results presented in this section show the converter operating only with the PLL 
algorithm because the difference in terms of efficiency with or without the algorithm was 


minimal. 


6.1 100 kHz — Linearized output 


The output voltage of the converter presented visible harmonic distortion operating 
with a switching frequency of 100 kHz as presented in Figure 150. Throughout the 
experiments, it has been proven that this harmonic distortion is not primarily a product of 
the converter trying to follow a distorted grid voltage as reference, even though it has its 
contribution. The value of the output voltage in Figure 150 is the rated 127VRMS of the 


converter. 
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Figure 150 - DC-AC active-clamping flyback converter - PLL output voltage 


Source: Self-authorship 


As expected, output voltage and current are in phase, as Figure 151 presents. In this 
acquisition, the RMS value of the voltage is 127V and the RMS current is 4.1 4. 
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Figure 151 - DC-AC active-clamping flyback converter - 100 kHz output current and voltage. 


Source: Self-authorship 


The converter is then submitted to several analyses of total harmonic distortion, 
which results are presented in Figure 152. 


Class | ClassA | Classa. 
V-THD 6.2794% 6.9026% & | 10.059% 


 ATHD | 63199% ||]  LIHD | co184% | | 10042% 
“Line Frequency 59.97Hz Line Frequency 59.98Hz Line Frequency | * 59.98Hz 
Vrms 126.59V 122.46V  Nims | 12578V 


— 


irms 4.0104A irms | 387704 ims | 3986A 


True Power 507.32W True Power 474.52W True Power |  50108W | 


6.0115% V-THD 9,4014% 

“6.0620% LTHD | 93381% 

Line Frequency | 6002H7 Line Frequency 6001Hz | 
vrms 12287V 
irms 3.9005A 


“True Power 478.98W 


: Class A Class Class A 
[ 
| 
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Figure 152 - DC-AC active-clamping flyback converter THD 100 kHz. (A) Non-linearized. (B) Linearized. 
(C) Linearized with PLL. (D) Linearized with input capacitors. (E) Linearized with PLL and input 
capacitors. 


Source: Self-authorship 
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In Figure 152 (A), is presented the THD analysis for the converter operating without 
its linearization. As expected from the comparison of Figure 141 and Figure 142, the THD 
is higher with the converter operating with the linearized function, as (B) shows, although 
the efficiency increases. Another factor that can take the harmonic distortion to even higher 
levels is the PLL algorithm, as Figure 152 (C) shows. A speculative test was made with a 
capacitor bank composed of four capacitors of 470 uF in parallel connected in parallel with 
the input of the converter to filter a possible voltage distortion caused by the high-frequency 
switched power supply. The results were significantly improved with the linearization of 
the duty cycle (Figure 152 (D)) and presented notable reduction in the current and voltage 
distortion once linearized and operating with the same PLL algorithm. 

The ZVS operation of the converter in both switches were then verified. Figure 153 
presents the gate-to-source voltage (VGS) and the equivalent drain-to-source voltage 
(VDS) in S, when the output voltage is maximum at a = /,. The maximum voltage on S, in 
this acquisition is 193 V. 
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Figure 153 - DC-AC active-clamping flyback converter - 100 kHz switch S.. 


Source: Self-authorship 


Figure 154 shows that, when the output voltage is at 164 V, ZVS is achieved in 517. 
The deadtime in this acquisition is 300 ns, but experiments were performed varying it from 
90 nsto 1 4/s and ZVS was still achieved when the output voltage is at its peak in rated 
output power. 
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Figure 154 - DC-AC active-clamping flyback converter - 100 kHz S, ZVS for V,=164 V. 


Source: Self-authorship 


However, as the output voltage decreases and the deadtime is maintained the same 
ffoma=0Otoa=2r, the switching becomes dissipative. Overall, for rated output power, 
from O Vto 40 Vor -40 V, the switching is dissipative for a switching frequency of 100 kHz 
and deadtime of 300 ns. Figure 155 presents the dissipative switching of S7. 
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Figure 155 - DC-AC active-clamping flyback converter - 100 kHz S, dissipative switching for V,=40 V. 


Source: Self-authorship 


Figure 156 presents the gate-to-source voltage (V..;) and equivalent drain-to- source 
voltage (V,g) in S;, when the output voltage is maximum at a = 7/,. The maximum voltage 
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on S, in this acquisition is 192 V. 
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Figure 156 - DC-AC active-clamping flyback converter - 100 kHz switch S,. 


Source: Self-authorship 


As the PWM pulses of S, are complementary to S,, the deadtime in S,, is the same 
of S,. Figure 157 presents the soft switching of S, when the output voltage is close to its 
maximum. 
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Figure 157 - DC-AC active-clamping flyback converter - 100 kHz S,, ZVS for V,=164 V. 


Source: Self-authorship 


It is interesting to notice that, under the same circumstances that caused S1 to lose 
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soft switching, S, remains in ZVS. Figure 158 shows the voltage on S,, and its command 
pulse when the output voltage is at -6 V. 
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Figure 158 - DC-AC active-clamping flyback converter - 100 kHz S,, ZVS for V,=-6 V. 


Source: Self-authorship 


In the secondary winding of the flyback inductor, the voltage on the diodes D, and D,, 
switches S, and S, is clamped around 400 V. As commented in section 5.5.1, the switches 
had to be resized to cope with the higher voltage when the output voltage is maximum. In 
Figure 159, the voltage on S, is presented, as well as its gate-to- source voltage and how 
the clamp voltage behaves as the output voltage alternates. 
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Figure 159 - DC-AC active-clamping flyback converter - 100 kHz S, clamp voltage. 


Source: Self-authorship 


6.2 50 Khz - Linearized output 


Once, the results of the converter operating at a switching frequency of 100 kHz 
did not present the results expected in terms of efficiency and harmonic distortion, the 
possibility of replacing the auxiliary switching inductor and flyback inductor was considered. 
The results presented for the 100 kHz operation were already acquired from the second 
prototype built, where significant improvements on the efficiency were observed, although 
the same was not observed in the output waveforms. Itis worth mentioning that the intent 
of replacing the magnetics was to turn possible the verification of any effect caused by 
parasitic inductances, which could be one of the causes of the distorted output waveforms. 
Considering that the waveform distortion has been observed in both converters built and 
that the same magnetics were used for testing, it was worth checking a possible variation of 
the issue, as well as inquiring on the effects caused by the switching frequency. 

The result of the output current and voltage in phase with the grid reference voltage, 
operating in the switching frequency of 50 kHz, is presented in Figure 160 for rated output 
power. It is noticeable that, even though the harmonic distortion is still present in the output 
of the converter, the 50 kHz switching frequency presented reduced lower frequency 
harmonics, in this case. 
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Figure 160 - DC-AC active-clamping flyback converter - 50 kHz PLL output current and voltage. 


Source: Self-authorship 


To draw a comparison with the tests made with the operation at 100 kHz, the converter 


was then submitted to several THD tests, which results are presented in Figure 161. 
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Figure 161 - DC-AC active-clamping flyback converter THD 50 kHz. (A) Non-linearized. (B) Linearized. 
(C) Linearized with PLL. (D) Non-linearized with input capacitors. (E) Linearized with input capacitors. 
(F) Linearized with PLL and input capacitors. 


Source: Self-authorship 
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In Figure 161 (A), the THD of the converter is presented for a non-linearized duty 
cycle operation; whereas in (B) it is possible to verify that, in this case, the linearization 
has added some harmonic distortion, as the results increased 2.51 %. As expected, in (C) 
the PLL adds even more distortion, as for this situation the converter has to not only follow 
a sinusoidal reference, deforming the duty cycle as a function of the voltage conversion 
ratio, but also to keep the generated output in the phase with the grid. Considering that the 
improvements observed were not as significant as expected from the 100 kHz operation, the 
same tests were performed with the input capacitors. As a result, the THD of the previous 
three experiments performed were improved; as presented in Figure 161 (D) for the non- 
linearized operation with the input capacitor; in (E) for the linearized with input capacitor; 
and finally in (D) for the linearized duty cycle operating with PLL and the input capacitors. 

Figure 162 shows the waveforms of the input and output voltages that presented 
the best THD result, namely the test performed with the input capacitors with the converter 
operating with linearized duty cycle. 
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Figure 162 - DC-AC active-clamping flyback converter — input and output voltage — 50 kHz linearized 
with input capacitor. 


Source: Self-authorship 


The drain-to-source voltage (VDS) and gate-to-source voltage (VGS) on the main 
switch S7, for rated output power is presented in Figure 163. For the 50 kHz switching 
frequency, the deadtime of the converter was reduced to 200 ns, as better efficiency result 
were observed. 
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Figure 163 - DC-AC active-clamping flyback converter - 50 kHz Switch S, Vas and Voo. 


Source: Self-authorship 


In Figure 164, ZVS is presented in switch S1 when a = Y,. The maximum voltage on 
S, did not change with the switching frequency modified, which means that for rated output 
power the maximum voltage on S, is 193 V. 
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Figure 164 - DC-AC active-clamping flyback converter - 50 kHz ZVS on switch S,. 


Source: Self-authorship 


The drain-to-source (V,.) and gate-to-source (V...) voltages on S, are presented in 
Figure 165 for rated output power. The maximum voltage, just as in S,, remains the same 
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on 192 Vfor rated output power. 
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Figure 165 - DC-AC active-clamping flyback converter - 50 kHz switch S, Vas and Vos 


Source: Self-authorship 


ZVS is achieved in S, for rated output power, as presented in Figure 166. 
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Figure 166 - DC-AC active-clamping flyback converter - 50 kHz switch S,, Vas and Vos 


Source: Self-authorship 
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In Figure 170, is possible to identify the variation of the output current corresponding 
to the complementary switching of S, and S,, 
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Figure 167 - DC-AC active-clamping flyback converter - 50 kHz switch S, and S,, 


Source: Self-authorship 


6.3 Efficiency tests 


As the tests progressed, efficiency tests were performed indicating that better results 
are obtained with an additional capacitor connected in parallel with switches S1 and SG. 
The capacitance used for these tests were 1 nF, 5.6 nF and 10 nF and with no capacitor 
at all. Within the power range that the converter was originally designed, the results of the 
operation with the capacitor of 10 nF did not present any improvement from the 7 nF and 5.6 
nFcapacitors for both switching frequencies. Itis interesting to notice that without any parallel 
capacitance, the efficiency of the converter does not present any sign of improvement as 
well. Figure 168 presents the results of the converter operating with switching frequency of 
100 kHz, where n1 presents the efficiency curve with a parallel capacitor of 5.6 nF and n2 
with a 1 nF capacitor. 

It is noteworthy that, for the converter designed, depending on the power range 
in which the converter will operate longer, different capacitors can provide better overall 
efficiency. However, regardless of the capacitor used in parallel with S, and S,, the converter 
reaches its maximum efficiency operating at 300 W. For rated output power, the best 
efficiency result achieved was 90.4% with the 5.6 nF capacitor in parallel with S, and S.. 
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Figure 168 - DC-AC active-clamping flyback converter - 100 kHz efficiency results (71=5.6 nF /n2=1 nF). 


Source: Self-authorship 


Figure 169 presents a comparison of the efficiency curve obtained using the 7.6 nF 
capacitor with the calculated efficiency curve, calculated as presented in Appendix |. Based on 
this comparison, new inductors were designed for operation at 50 kHz, as previously explained. 
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Figure 169 - DC-AC active-clamping flyback converter - 100 kHz efficiency results (n2=5.6 nF / 
n3=calculated efficiency). 


Source: Self-authorship 
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Once the flyback inductor and the auxiliary switching inductor were replaced, the 
same efficiency tests were performed with the same capacitors in parallel with S, and S.. 
Figure 170 shows the efficiency results of the converter operating a switching frequency of 


50 kHz. 
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Figure 170 - DC-AC active-clamping flyback converter - 50 kHz efficiency results (11=5.6 nF /n2=1 nP.. 


Source: Self-authorship 


The improvements in the results from the 700 kHz to 50 kHz are considerable. For 
every point of the curve, the 50 kHz operation presented better results, due to the reduction 
of the switching losses. However, for this operation, the best results were obtained for an 
output power of 250 W, where the curve reached the highest point of 92.6%. For rated 
output power, the best result achieved was 91.48%, as Figure 171 depicts. All tests were 


performed with resistive loads. 
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Figure 171 - DC-AC active-clamping flyback converter - 50 kHz efficiency for rated output power 


Source: Self-authorship 


71 CONCLUSION 


This chapter presented the validation of the mathematical models studied in Chapter 
4 by means of numeric simulation and experimentation. The simulation results show that the 
simplifications made while modeling the converter, offer a good starting point for choice of 
components and prototyping. Although the energy transfer involving the capacitor C,. to the 
output of the converter was neglected during the modeling, the experimental results did not 
present any implications that could invalidate the analyses or the prototype. 

Initially, the idea of this converter was to evidence that soft switching techniques 
can reduce the issue caused by the voltage surges in the primary windings of the flyback 
inductor and, as a result, the converter would reach higher efficiency levels, all of whom 
were observed in the experimental results shown. As presented in Figure 171 the higher 
efficiency level obtained for rated output power was 91.42 %. tis also interesting to see that 
better efficiency levels and total harmonic distortion were obtained in the converter operating 
with switching frequency of 50 kHz. It is understood that the efficiency has improved as 
much as observed, due to the reduction of the switching losses by means of the change in 
the switching frequency (from 100 kHz to 50 kHz). In this case, the change of magnetics 
offered little or no influence, as the winding procedure and wire used were the same, and 
the values of both magnetizing and leakage inductances were very similar. 

Still, some improvements can be considered in the future for this prototype, such as 
the substitution of the IGBT switches used as S, and S,, which would require an adjustment 
on the resistor of the RCD clamp, presented on the circuit of Figure 148. As the IGBT 
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switches used in this prototype are suited for 1200 V applications and the maximum voltage 
registered was of 716 V (Figure 157), itis possible that other switches could improve the 
overall efficiency. 

The clamp circuit was designed to accommodate both switch and diode in the same 
circuit. This decision was made based on preliminary tests performed with the first prototype 
assembled for this application, where the initial intent was to clamp only the voltage on the 
switch. As the results were not considered satisfactory, due to the switching losses in the 
RCD clamp of S, and S,, the circuit presented on Figure 148 was designed and included in 
the second prototype built, which results are presented throughout this chapter and present 
a big improvement on the previous experience. 

As for THD, further investigation is needed in regard to the root cause of the problem. 
Initial studies were performed changing the switching frequency from 100 kHz to 50 kHz 
and replacing the magnetic components (LG and LM). Once the results did not show any 
particular improvement related, other areas need to be carefully analyzed. As the power 
supply clearly adds a 120 Hz component to the converter, the input capacitor bank tend to 
minimize this effect as the THD results presented in this chapter. However, it was expected 
from this converter to operate below the 4 % THD margin and, in that aspect, one control 
related area was not explored hereon. The form of generating the linearized duty cycle to 
operate the PWM in this work required the DSP to calculate the duty cycle for every switching 
period. This calculation can be excluded by creating a lookup table that corresponds the 
variation of the reference to its equivalent duty cycle value. The benefits of this operation 
were not explored in this piece of work. 

Despite the superior efficiency, this converter operating in these two switching 
frequencies is not well suited for open-loop offline applications, due to the high harmonic 
distortion it presents at its output. On the other hand, once connected to the utility grid in 
a closed-loop configuration, this distortion tend to disappear, as the grid itself imposes the 
voltage. 
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GENERAL CONCLUSION 


The dc-ac converters studied hereon present an interesting solution for a single- 
stage application. The first is a single-stage high-frequency-isolated converter that offers an 
option for offline applications, considering that it presented reduced total harmonic distortion 
combined with good power efficiency. The second is also a single- stage converter that 
makes use of the flyback inductor to provide galvanic isolation. In this second converter, the 
efficiency levels are a standout characteristic. 

For the dc-ac flyback converter with differential output connection, the main 
contributions of this work are the additional switching strategy studied and the new studies 
that provide the transfer functions for both switching strategies of the converter coupled to an 
output voltage source. Although the bidirectional possibility was not explored, the converter 
was tested for a nonlinear load. As for the dc-ac active- clamping flyback converter the main 
contribution is a complete study of a new topology of the flyback inverter that employs an 
active-clamp circuit, improving the efficiency by means of soft-switching techniques. 

In the study of the dc-ac flyback converter with differential output connection, it 
is shown that the new switching strategy proposed offers improved efficiency over the 
traditional complementary switching strategy for both linear and nonlinear loads. However, 
the overvoltage caused by the leakage inductance is a limiting factor to the potential of 
the converter. As suggestions for the sequence of the studies are the connection with the 
utility grid and validation of the transfer function presented in sections 2.2.10 and 2.3.10. In 
addition, an active-clamping circuit for the switches in the primary winding combined with 
different winding techniques and/or utilization of the litz wire in the flyback inductors will 
more than likely improve the efficiency of the converter. 

It was verified that the overvoltage issue in the primary winding of the flyback 
inductor was minimized in the converter that operates with the active-clamp circuit in the dc- 
ac active-clamping flyback converter. This circuit, combined with the better use of the turns 
ratio of the flyback inductor allowed the converter to increase the efficiency levels. However, 
for an offline application, more time needs to be invested to verify whether the harmonic 
distortion is caused by the topology itself, the switching frequency or ifit was a constructive 
issue of the prototype presented. It is worth mentioning that another PCB were designed 
and tested before the 50 kHz experiment. 

The results were improved in terms of efficiency but not as much in terms of harmonic 
distortion. As a suggestion for future studies with this converter is the connection of the to 
the utility grid. In addition, the clamping voltage in the secondary winding of the flyback 
inductor can be reduced and better semiconductor technologies can be applied in order to 
reduce the conduction losses. It is also interesting to ascertain if the duty cycle previously 
determined by a look up table offers a benefit in reducing the total harmonic distortion of 
the converter. 
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Lastly, the author would like to say that this work gave fundamental and precious 
knowledge in power electronics and that this journey allowed enormous professional and 
personal growth. 
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APPENDIX A 


APPENDIX A - CALCULATIONS FOR THE DC-AC FLYBACK CONVERTER WITH 
DIFFERENTIAL OUTPUT CONNECTION - COMPLEMENTARY SWITCHING 


STRATEGY 


DC-AC Flyback Converter with Differential Output 


Connection 


Complementary Switching Strategy 


1. Design Specifications: 


Input Voltage: 
RMS Output Voltage: 
Output Power: 


Switching Frequency: 


Grid Frequency: 

Current Ripple Lm: 

Output Voltage Ripple: 

AC Output Voltage Ripple: 
Flyback Inductor Tums Ratio: 


Duty Cycle (0V AC): 


Switching Period: 


2. Preliminary Calculations: 


Peak Voltage: 


2.1 DC Preliminary Calculations: 


DC Output Current: 


Po 


L=— 
Vo 


o * 


DC Load Resistance: 
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DC Curent Ripple: 


Mtóho BS 


22AC Preliminary Calculations: 


Max AC Output Current Ripple: 


Repeses 
Rerta ES 
E id 


Ala, 
Sh ac=bac—  MiacSiSRA 


AC Output Current: 
tato) = acsina) 


3- Output Characteristics 
3.1 - DC Output 
Duty Cycle - DC 
Blade M-2 == + 4 
S1P (D) - tON: 
max 
7, = 
maxP & 
S1N (1-D) - tOFF: 
1-D 
TmaaN = me 
íç 
Max Output Voltage 
(2-Dmax - 1) 
Vpcak = VN” Dsifias s 1) 
Capacitor Ca Voltage: 
1- Dmax) 


Va=Vo+ ci RE 
max 
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Vo = RV mas) 
max 
3.2-AC Output 


Duty Cycle Variation - AC Output: 


: e 2 
M-sin(a) - 2 +) M-sinlajp' + 4 
D o Sao os So Soo 
Rs 2M sintas) Ea 


S1P (D) - tON: 


Dactm) 
Tacp. (a) = E 


SIN (1-D) - tOFF: 


1- Data) 
Tacdo)=—— — 
s 


Peak Positive Voltage: 
Daclo)- VT 


Vedanta) = (1- Dac(m) 


Pico Tensão de Saida N: 


1 -Dacio)Vixen 
Vpkn(O) = E “RR 


4 - Output Filter Capacitors 
DC Output Voltage Ripple: 
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AC Output Cpacitance 


e h AC Dmax 
AVo AC fç 


Ca Maximum Voltage (AC): 


Co AC 3 


AV, 
Van c(o) = Vokpía) + E Suns 


Cb Maximum Voltage (AC): 
AVo AC 


Vpacío) = Vono) + — 


2 


5. Magnetizing Inductance 
5.1 DC Operation 


Mag. Inductance Average Current (DC) - LM1: 


pelo) 
Imío) = (E-Daad 


Mag. Inductance Average Current (DC) - LM2: 


Ata, 


Hm min(O) = Hp mí) — hr (o): — 


Max Current in LM1: 
Ag 
tum man(O) = h (cd + My ylo)— 
LM1 Current Ripple 
hM dental) = Ty (o Ala 


Magnetizing Inductance: 


Vin Pmax 


Min AC LM Current: 


Ai 
maço tu cs ct go] 
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Max AC LM Current: 
Ala 
tm max AcÍS):= im Ac(S) + lim acto: 


Mag. Inductance AC Current Ripple 


Indutância Magnetização: 
ga, asia 


Ecld Ag nm ad =) fg 


6- Switches 
61-S1IP 
6.1.1 - STP- DC Calculations 
Min Current S1P:: 

1 (B 


o 
E. MDS 
IN 


Semi TD) IstP min= 5424 
Max Current S1P: 

Dmax 
masi RE 
Average Current S1P: 

D 
Isyp:= (Isip max * IsiP min) Igp=81A 
Max. Voltage - S1P: 


Y 1 


b 
v =Vnt— +Va— 
SIP max IN E “ 


RMS Curent S1P: 


6.1.2- SIP- AC Calculations 


Min. Current - S1P: 


pride ES «ng le Isin ad) neo 
IP min A (1-Dacim)  N2sty ac 
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Max. Curent - StP: 


Dac(m) 
IsiP max ACC := Isyp min ACO + Vino 
M AC's 


Average Current - S1P: 


! = 
SIPACS sm 2 


o 


Max. Voltage - S1P: 
AVo AC 


1 
Veiplo):= Vin + Vpkpla)-— E 


RMS Current - StP: 


3 


6.2- S2P 
6.2.1 - S2P - DC Calculations 


Min Current - S2P: 


Max. Current - S2P: 
Is IP max 


Is2p max = E 
Average Current - S2P: 

1 — Drax) 
Iszp:= (Is2p max * Im) 


Max. Voltage - S2P: 


x 
Ea (sap mar AC + Isyp min ACD) Dacia) ds 


RMS Current S2P: 


E. 


[Ee — Igap max)! 


Isop ef es (1 E Diaz) Ts 


2 
E: ra dt 


rosana *Isyp min ACC -Isyp max ACÍU + ISP max Aco?) Datas = 
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6.2.2 - S2P- AC Calculations 


Min Current S2P: 
Isip min AC(S) 


Is2p min ACÍU) = = 


Max Current S2P: 
IsiP ma ACÍS) 


Is2p ma ACÍS = 5 


Averaoe Current S2P: 


2x 
i (sap max AC(S) + Is2p min Ac(UH(! - Dacia) 
Iapaco—| EE TS o 


o 


Tensão Maxima S2P: 


AVo AC 
Veoplo) = Vpy cn + Vpkn(o) + E 


RMS Curent S2P: 


6.3-SIN 
6.3.1 - SIN - DC Calculations 


Min Current S1N: 


(1 — Dmax) 


K 
IsiN min "Dna Ma ETR 


Max Current S1N: 
az Dmax) 
! =1 : v 
SIN max = ISIN min * YIN Eri, 
Average Current SIN: 
(t - Dymax) 


Isin := (Isin mas + Iginmi)— 
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RMS Curent SIN: 


(Isin min — IsiN max)! 
(! - Dat 


2 
IgiN ef = + sta dt 


6.3.2- SIN - AC Calculations 
Min Current S1N: 


aco (1 - Dacto) 


Maximum Current StN: 

(!-Dac(o)) 

IsiN max AÍ = Isin min ACM + VINTE 
M'*s 


Average Current SIN: 


2x 
o 


2m 
1 (Isin max AC(S) + IsiN min AC) (! - Dac(o)) 
ga 


Tensão Maxima S1N: 


< 
E 
A. 
CJ 
] 
« 
z 
+ 
É 
2 
+ 
a 
ta of 
a 
> 
[e] 


3 


6.4- S2N 
6.4.1 - S2N - DC Calculation 
Min Current S2N: 


 AsiN min 


Average Current S2N: 
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Ei max) 
s2n:= (Is2N max + I82N min): 2 


Max Voltage S2N: 


Vs2N max = YIN 


RMS Curent S2N: 


6.4.2 - S2N - AC Calculations 


Min Current S2N: 
Isin min AC(S) 


Is2N min AC(M) = E 


Max Current S2N: 
Isin max ACÍS) 


Is2N max ACÍS) := = 


Average Current S2N: 


Max Voltage S2N: 


Av 

o AC 
v. = Vay + Viin(a) + —=—— 
s2N(O) = Vin + Vpkplo) + — 


RMS Curent S2N: 


6.5 - Capacitors Current 
Average Current Ca (Avg for (1-D)): 


e Lisap min nel) + ap ma Ad = | 


2 


Average Current Cb (Avg for D): 


(Isan max — Is2N min)! 


2x 
1 | (Is2N max ACÍ + Is2n min Act) (Dacto)) — 


2 2 
(igan min Actas) + Is2n min AC(S-Is2n max AC(S) + Is2n max ACÍS) bacia) a 
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6.6- Transfer Function 


” 2 24 
Ag in= Ly Co ACP “Ro AC 


B 
s3 
AMIN 


2 
8, (Mo ACM (Va 7 VarDras * Vit + Vo mas) 


s2 * dd 
i As4 IN 
As4 IN 
” Ly Co ACI RO AC 
= 
: 2Ly Co acn! 
e 


A IN 


oii As4 IN 


Ro ac(! - A 
r Ass IN 


Ba + Bo + B,+ By 


Gg = —=——— 
Ag + Ag +Ag+A+Ag 


" 
prt 
Ss 
É 
+3 
E 
< 
[] 
ta 
+ 
+» 
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APPENDIX B 


APPENDIX B - CALCULATIONS FOR THE DC-AC FLYBACK CONVERTER 
WITH DIFFERENTIAL OUTPUT CONNECTION —- ALTERNATIVE SWITCHING 


STRATEGY 


DC-AC Flyback Converter with Differential 
Output Connection 
Alternative Switching Strategy 


1. Design Specifications: 


Input Voltage: Vyn = 70 
RMS Output Voltage: Vams:= 127Y 
Output Power: P,:= 500W 
Switching Frequency: fç:= 20kHz 
Mag. Inductance Current Ripple: Al q = 50% 
Output Voltage Ripple: AVq = 0.5% 
AC Output Voltage Ripple AVg acE 7.2% 
Relação de transformação: n=1 
Duty Cycle (0V): D:=0.5 
o: 
Switching Period: so f 
2. Preliminary Calculations: 
Peak Output Voltage: 
Modulation Index: 
v 
o 
M:= 
a 


2.1 - DC Calculations: 
Output Current: 


Yo 
eo Mas 
I 


Output Current Ripple: 


stato Sp 
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Output Voltage Ripple: 


2.2- AC Calculations: 


Output Current Ripple: 


Ala, 
ema > 


3 - Output Characteristics 
3.1- DC Output 
Duty Cycle: 


SIN (1-D) - tOFF: 


1 Drax 


Peak Output Voltage: 


Dmax 


Vpk = Vin 


Output Capacitor Voltage: 


Va= Vo 


sin(90-deg)-(! — Drax) 
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32-AC Output 


Duty Cycle Variation - AC Output (S1P): 


(Minos 
Dac PM) = T+ Mesia(o) fa<r 


O otherwise 
Duty Cycle Variation - AC Output (S1N): 
Dac N(S) = a(s 


1-M-sin(a) 
O otherwise 


ft<a<im 


S1P (D) - tON: 


Dac pla) 
Tacp(d) fm ES 4 
s 


SAN (1-D) - tOFF: 


1-D ) 
Tae di 
Peak Output Voltage - Positive Semi-cycle: 
. Dac ploViym 
add (1- Dac p(m) 


Peak Output Voltage - Negative Semi-Cycle: 
nai Dac NV n 
VpkN(o) = (1-Dac nd) 


Capacitor Ca - Voltage: 
VaacÍa) = Vpkp(a) fa<r 
O otherwise 
Capacitor Cb - Voltage: 
Voa cís) = Vokn() fm<a<2Im 
O otherwise 
AC Output Voltage Ripple: 


AV Ac Vo AV AC 


AC Output Voltage + Ripple: 


AV, 
o AC 
AVo ok = Vo + — 
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4 - Output Filter Capacitor 


Capacitor (DC): 
ai ID 
asd 
Capacitor (AC): 
us 
ad 5 jPac Pr 
Cc, = 
sam AVo AC f 


Va max(0) = Vpkploo) + Vpacto) 


Max. Voltage - Capacitor Cb (AC): 
Vb max() = Vpkn(c) +V ascÍ) 


5 - Magnetizing Inductance 
5.1 - DC Operation 
Average Current: 
o 

hadê (1 F Dmax) 

Min Current in Lm 
Ata, 
hm min=hm- hM 


Max Current in Lm 
Aa, 
him max= hm + bm 


Magnetizing Inductance Lm: 
a Yin Pax 
Ed Ag 2hmf 


5.2- AC Operation 
Current in Em 

PE 

hm ac) := E ( E Dac pa) 


Max Current in Lm 


Hm min ac(S:= hm acto lim ac(o:— 


Min Current in Lm 


tm max ACD := hm acíd) + hm ac(o:— 


Sha, 


Ag 
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Current Ripple in Lm 


IM deita AC(S = im Ac(SAI q 


Magnetizing Inductance: 
Vic (5) 
EA 
Ag um adE) E 
6 - Switches 
61-SIP 
6.1.1 - DC Operation 
Min Current 
mis ag 
Pin DN TLyf, 
Max Current 
Dmax 


IsiP ma = IsyP min + VN Tart 


Average Current 


Dmax 


Isyp= (Istp max É IsiP min): - 


Max Voltage 


1 
YsiP mas = Vin + Vo 


RMS Curent 


1 
Isyp ef = T 


6.1.2-AC Operation 
Min Current 


I cía) 
Is1P min ACO) = 17 A 


Max Current 


IsiP max ACC = Isyp min ACÍS) + Vin 


| ses 


CEEE PO (ac pím) 
Do) FCaGAs 


Dac p(o) 


Imac fç 
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Average Current 


a | (issp ma ado + Isyp min ACID) DA p(S) 


o 
Max Voltage 
Av 
1 o AC 
Veunloo= Vig + Veaptod-; + VonE) mov 
RMS Curent 


Isyp RMS = 


2 2 
Em sda uti + Isip max ACC Isip min AS + Isyp min AC(S) ) pac plo) ea 
2x 3 
o 


6.2- S2P 
6.2.1 - DC Operation 
Min Current 
E 

O a A 

Max Current 
D 

to mm o mo Ve im iásda) 

Average Current 
(! Das) 

Isgp:= (sap max + Is2P min) 3 Isap= 2784 
Max Voltage: 

Vea ma Voe Vi Vest tos 
RMS Curent 


Is2p ef = 


6.2.2-AC Operation 
Min Current 


| acta) Dac pla) 
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Max Current 


Iszp mu AC = Is2p min AC) + Vin 


Average Current 


! = 
S2P AC 


o 
Max Voltage 
Vsaplo) = Vin + Vpkp(o) + 


RMS Curent: 


A] (saem Acic) + Is2p min Acto)! - Pac pío)) À 


Iszp RMS = 


6.3 - Função Transferencia Corrente 


4 2 2 
Ass qN:= 1 “Ry ACLM “Co AC 


o E AC im ada) 
E = ———— A 2s 
As4 IN 
s2" Peq 
etyrtim aca) 
inciso (1 = Dmax) (Vin + Va) 
nino As4 IN 
: nº Ro AC LE CAS 
ê As4 IN 
aa 2mº ar 
a im aÃ 
A IN 
dé no Ro AC De — 2 Dmax + 2) 
2º >>> >> 


As4 IN 


E (rom suas acta? + Is2p max AC Isap 
2x 
o 


min ACÍS + Ni me AM 1-Dac (o) me 
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2 2 
o mn Ly(D, — 2Dgx + 2) 
ram Ea 


As4 IN 
Ga B,3 + Bo + B, + Bo 
As4 + Aga + Aço + As + Ag 
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APPENDIX C 


APPENDIX C - CALCULATION OF LOSSES FOR THE DC-AC FLYBACK 
CONVERTERWITHDIFFERENTIALOUTPUTCONNECTION-COMPLEMENTARY 
SWITCHING 


DC-AC Flyback Converter with Differential Output 
Connection - Calculation of Losses 


Specifications: 
P, = 500W 
Vpy= 70V 
Vams = 27V 

£ = 20kHz 

Ly = 253.715uH 


n=1 


Peak Output Voltage: 


Vo =V2 Vas 


I(o) =, pusin(a) 


Modulation Index: 
n-V, 
M=— 


Load Resistance: 


M=256 
v º 
o Remo 
Duty Cycle: 

Msin(a) —2 + (ME sina)? + 4 


2-M-san(o) 


Output Voltages (Peak Positive and Negative): 
Ko) Ee 
n(i-Do) N 


Da) = 


Vo pos() = 
A co ii E 
Vo pos sk = Vo pof=) 


n-D(a) 


Vo nego) = DOM q, 


r qa 3x 
Vo nes pk ii Aa Ea 
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Magnetizing Inductance Current: 
Isto) 


MO = Do) 


Magnetizing Inductance - Current Ripple: 


Sm max = Ay, =) Ab mar = 0266A 


Magnetizing Inductances' Maximum and Minimum Currents: 


2£LyrIs(0) — Dío)-(1 — Da)» Voy 


FM, min(O) = 2 -Lypo-(1— Do) 


2£LygIy(0) + Día)-(1 — DXa))-n Vpy 


Emi max) = E Lya Do) 
28 Lyrl(o) - Día)-(1 - Día) Vpy 
E max(o) = DO Had ELyaDo) 
2 Lyyl,(o) + Día)(1 — DXa))-n-Vpy 
Wpald= 20 ——+ 


2E ya Dio) 


Switches' Average Current Values: 


l | (rag minto) + E 
Kip az= e DM agi uno ss e 
0 


a (Ena qmin(o) + Era manío)) (1 — Da) 
Ip az cai 2% E Ru 


mino) + Hg 01))- Da) 
Lais E r (Eno Emo mao) e 
0 


Switches' Effective Current Values: 


3 


º 
IR (Eno pun(oO + Ho pac) — Dr) 
À 2 


(na mano? + rn, mn + meo?) DO 
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Ip RMS = 


2 
n 
E 


3 


Is RMS = 


2x 
o 


(Bino mino)? + 0 mino) HEM mao) + MD mano) DXo) 


da 
3 


Im RMs= |5- 


Coupled Inductors Windings' RMS Currents: 
Ir prim RMS = ip RMS 


Iry sec RMS = Ip RMS 
Io prim RMS = S1N RMS 


Ir) sec RMS = Is2N RMS 


Magnetizing Inductance's Peak Current Values: 
Em pk= tg medã) 

' 3 
Hp pk= iso me(5) 


Switches Maximum Voltage Values: 


Vsip(o) = Vig + 2'Vo, pos) 


” Ecs x 
VSiP. max = Vid3) 


7 


Vin 
sap(o) = + Vo posta) 


- rqia Ei 
Vsap max = Vel) 


Vento) = Vpy + no peg(o) 


7 =, 7 3m 
V$IN, max = Vst 5) 


(Bina mio? + (A sa) + ig mao?) De) 


2x 
pi | (Brg ano? + min(0)-O mala) + 10 male) ds 
3 
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VN 
Vono) = a + Vo negí0) 


A 
Von mes Vad) Von mm 2735664, 
Calculation of Losses: 


Vrmogar = 125V 
RolGBT = 0019 
VrHop:= 058V 
Rp, = 00220 


ForRg=150 


A E, 
kgj = LO 


ta [a 


ko = 375107 


pio 


kg = 67510 * 


-7] 
= 2. — 
kg: 1125.10 E 


VcEreg = 400V 
E DO E RE 
Eoolle Vice) = (kant le + kl) dies 


Ecaflc. Vcs) = (Kogn de + eai?) xe 


= 2 
Psyp cond = VTHOIGBTISIP avg * RonlGBTISIP RMS PojP cond=526W | 


= E 2 
Psap cond = VrHOIGBTIS2P avg * RonlGBTIS2P RMS Poa cond =0405W 


r 2 
PsiN cond = VTHOIGBTISIN avg * RonlGBTISIN RMS PeiN cond =526W 


=V. 2 
Ps2N cond = VrTHOIGBTISZN avg RonlGBTIS2N RMS PeaN cond =0403W 
Psw cond = Ps1P cond * Ps2P cond * P$IN cond ? PS2N cond Psy cond=11326W 


Esp culo) = Eca muin(O), Vopp(a)) + Eoge(Er a max(), Vela) 


£ 
Pe 5 Po td Patr pent 
nt] 
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Esap su(o) = Econ [01 min(D] . Vsop(o)) + Ecge(n [Hina max(0)] -Vszp(a)) 


£ 2x 
Pop sw = = Esp (a) da 
Ka 


Esn suío) = Enio minto). Vs pn(o)) + Eogr(lino max). Vs nto) 


£ 2x 
PSIN sw = 5 | Esin su(o) da 
Egon onlo) = Eon(n [130 min(D] . Vsanío)) + Eogr(o [in max(0]. Vsonto)) 


Ê 
Pon sw = 5 | ES2N sul) da 

“0 
Pow ow = Pop cw? Pop ow t PIN ow t Pan cw 
Ps total = Psy ow? Pow cond 


Roy = 861020 

Ro = 1101020 

Pri cond = Reurlr1 quim RMS” + Reu sec RMS” 
Pro cond = Reurlr> rim RMS + Reno sec RMS” 
a 

Pra = Usem 

Pr total = Pri cond * Pr2 cond * Pr] mag * PTD mag 
Lg = 44H 

Pimp sua, tal mas(? da 


Efficiency Estimative: 


Po 


7>———>>——>———>— 
Po + Pow total * PT total + *Polamp 
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APPENDIX D 


APPENDIX D — DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL OUTPUT 


CONNECTION - COUPLED INDUCTOR 


DC-AC Flyback Converter with Differential Output 
Connection - Coupled Inductor 


1. Design Specifications: 
Inductance 

Peak Current 

RMS Current - Primary Winding 
RMS Current - Primary Winding (DC) 
RMS Current - Primary Winding (AC) 
RMS Current - Secondary Winding 
RMS Current - Primary Winding (DC) 
RMS Current - Secondary Winding (AC) 
Current Ripple 

Tums Ratio 

Maximum Flux Density 


Maximum Current Density 


Core Utilization Factor 


Switching Frequency 
2. Core Selection: 


AcAw = 
Bmax* ma" kw 


Phosen Core: Ess32273c90 
3. Number of Tums Calcultion: 


o Em hmmm AC 
qu es Bmax Ae ) 


As Ly: him ma AC 


ARS Ni: À 


Nac = ecil(n- Nçi) 


4. Air Gap Calculation: 


Zua-[192. 
si Npc * Ho ia 2) 


Ly lim max ACº (IpriM RMS + 1: Isgc RMS) 
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5. Wire Gauge Calculation: 
Toux := 100 
Tw:= 0.8 


pr:= 1719-1072. [1 + 0.003 Tas —20)] 9: m 


Dyo:= 2: & 


6. Calculation of Losses: 


6.1 Copper Calculation: 
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an ;a: 
—-2-cog(2-A) 


Poa prii= Racpri é Iemeacé + Recpri Apis De 


Poa mc := Raceec Lag + Recsec * seia 


Popper := Pu pri + Peu sec 


E 

E Rr) 
DA ZA, 3 E 

c +€e 


6.2 Magnetic Losses: 
Voo = 233cm? t= au 145 B:= 303 
E 
At = : Aty:= : 
2 - 20000 2 - 20000 
lu: Am 1 
AB:= .— 
Na T AB=0126 
6 mm 8 
fe t(6) (5:48) vem Pmestisem 
Hz) tz 
k= = 


o o 


to 


Ei 
(fd ms 
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Remy Pv" Vcome 


6.3 Total Losses: 


Pra = Popper + Prore 


6.4 Core Thermal Resistance: 


— 0.37 
RR fra 
Rim = 23- | 


6.5 Temperature Elevation: 


AT = (Propper + Prore)Riçom 


7. Execution: 
ue Nori * Syiz iso Acond pri + Noec* Swire iso" Bcond sec a 
ee mum * “a mm SE 
Ay min 
Eae de Eua] 


K 
Rh = 7:42: — 
w 


2 
=2.765-em 
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APPENDIX E 


APPENDIX E - CALCULATION OF LOSSES FOR THE DC-AC FLYBACK 
CONVERTER WITH DIFFERENTIAL OUTPUT CONNECTION —- ALTERNATIVE 
SWITCHING 


Cálculo de Perdas Conversor Flyback CC-CA Bidirecional 
de 500W 20kHz 127V com Modulador Alternativo 


Especificações: 
P, = 500W 

Vin = 70V 

Voeg = 127V 

£, = 20kHz 


Ly = 253.715uH 


n=1 


Valor de Pico da Tensão de Saida: 
Vem = Vo Ve = 1965 


Corrente de Saída (Carga Resistiva ou Interligado à Rede): 
2.P 


tes” Ta tema 


Isa) = Lan ain(a) 


Indice de Modulação: 
2 Vomax 


Vin 


M= 


M=256 
Resistência Equivalente de Saída: 

Vomax 
R=5 Resesa 


Função Razão Cíclica: 


= M-sm(o) 
DO = [74 Mesin(o) 
O otherwise 


fa<r 
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—M-sin(a) 
1-M.sm(o) 
O otherwise 


fa>m 


Dy(a) = 


Valores de Tensão de Saída "p"e'n': 


a e am 
pio O sd 


o peca 
Voe va(3) Veia 


ap 
“v(i-D(o)) “im 


E = fios 
Com va Somente 


Corrente de netização: 


Vonfot) 


em 
io i-Dp0) 
Ondulação de Corrente na Indutância de Magnetização: 
Dy(a)-Vin 

E Ly 


Bia pe = (3) Sm pena, 


AT (o) = 


Correntes nas Indutâncias de Magnetização: 


E Tm bo(o) - Dpfob(1 - Dylo)pm Vim 
Empi() = DE Lge(1 és Dy(a)) 


Pa bh ai co 2a ia 
Emp(o) = ME Lgym(1 Dolo) 
Ala A a 

2 Lgu-(1 — Dna) 


2ELyIo(o) + Dy(a)-(1 — Dy(o))n Vim 
E Lyu(1-Dy(o)) 


Hail) = 


Homo) = 


Appendix E 


Valor Médio de Corrente nos Interruptores: 


| (Lampi(0 + Epil) po) 


= , 
0 


(Eram (O) + Fr r(0) Da) 
atua E [ Le + He 


de 


E Cha) + ham) (! Do) 


Valor Eficaz de Corrente nos Interruptores: 


2% 
1 | (Trmpi(o? + Epi (O) mpa(o) + Hep(a?)-Dp(o) as 
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Im 
(rn? + Hr 20) + (0) (1 Du) 
: 3 


Valor Eficaz de Corrente nos Enrolamentos dos Indutores Acoplados: 


Irples = Isplef 
Irpder = poef 
ITules = Isnlef 
rudes = Imoef 


Valor Máximo de Corrente nas Indutâncias de netização: 
k =1 3) 


tema 


Valor Máximo de Tensão nos Interruptores: 


Vspi(o) = Nai + nVop(a) 


Vsplmax = Veil) 


m 
Vspa(a) = = + Vop(a) 
E ces E 


Veni(a) = Vig + 2 Von(o) 


v E = 3w 
Snlmax ” “Sn EE 
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T. 


Vim 
TE + Von(oo) 


Ven(a) = 


3m 
Vondmax = V: 5) 


Semicondutores Escolhidos: 


Intemuptores S1p, 52p, Stn e S2m: IKW40N65F5 (IGBT) 


Cálculos de Perdas: 
VrHoIGBT = 125V 
RonIGBT = 0010 
VrTHOD = 0.98V 


Rp = 0.022 
Para Rg = 150 


-5] 
kom1 = 1.75-10 "— 
A 


km = 3151077 5 


Es 


ko = 675-107 ss 


gp = 11251077-L 
A 


VcEref = 400V 


Vc 
CEref 

5 V 
Esc. Vez) = (kom de + ken); 


Elle. Veg) = (km + tan 1); 


CE 
CEref 


Peplcond = VTHOIGBT ISplmed + RolGBTIsplef” 


2 
Popicond = VTHOIGBT ISpdmed * RonIGBT Isp2ef 
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Psnlcond = VrHoiGsTIsnimed + RoclGBTsnlef” Ponlcond = 5034W 
Pndcond = VrHoIGBT Isuômed + RorlGBT sndef” Pondeond = 0334 W 
Pscond = Pspicond * Pspcond + Psnlcond + Psn2cond Pscond = 10736 W 
Esplcom(o) = Eon(H mpi (OD. Vsp1(0)) + Eogr(Hump2(0). Vspr(od) 
28 
Psplcom = 59) Esplcom(a) da Psplcom=1551W 
ads. 
Espicom(0) = Eonft [HLmpi(]  Vspa(o)) + Eogr(a |Hmmpo(0)]  Vspa(od) 
£ 2x 
Pstom 50), Foptnido st trt 
Tr 
Esnlcom( 0) = Eon(H mm (0), Voni(0)) + Eoge(H mm (O), Veni(o)) 
£ 2x 
Fe 55 | Encod Bens 
Es 
Esmcom() = Eon( [Han(0)] - Vgno(o)) + Eogr(m [Hmmi(0D) . Vsna(od) 
ú ad 
Sncom = 57" Egnicom(0) da 
tida | 


Pscom = Postcom + Pssicom + Penicom * Psncom 


MPs Pot 
Recbre] = 861020 
Reotre? = 110-1072.2 
” 2 2 
Procond = Reobrel Irplef + Reobre2Tpdef Prpeond =8571W 
2 2 
Prncond = Roobrel ITnlef + Reobre2"Hndef Prncond = 8571W 
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Priotal = Prpcond + Prncond * PTpmas * PTnmaz 
Lg = 4uH 
Pamp = Leu) E upo(o)? do 

= 0 


Estimativa de Rendimento: 


Po 


“2, + Pototal + PTtotal * Polamp 
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APPENDIX F 


APPENDIX F —- DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL OUTPUT 
CONNECTION - PCB LAYOUT 


(») 


OOOC) 


PAR SS 


Õ 
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APPENDIXG 


APPENDIX G- CALCULATIONS FOR THE ACTIVE-CLAMPING DC/AC FLYBACK 
CONVERTER — 100 KHZ 


Active-clamping Flyback DC/AC Converter - 100 kHz 


1. Specifications: 

Input Voltage: Va = 70V 

RMS Output Voltage: Veg= DIV 
Average Output Power P, = 500W 
Switching Frequency: £ = 100kHz 
Current Ripple in Lm: AR me; = 30% 
Output Voltage Ripple: AV, = 17% 
Auxiliary Switching Capacitor AVeG = 5% 
Voltage Ripple: 

AC Voltage Ripple: AVo, AC = 212% 
Switching Frequency Period: L=7 Trio 


2. Design Requirements: 
Modulation Index: 
M=0.6 


Auxiliary Switching Inductor. 
Lg = 2uH 


3. Preliminary Calculations: 


Average Peak Voltage: 
Vo =VÍ-Vor 


Output Current: 
2-P, 
T Rms] 


o 


b max= 


La) :=L, max sin(a) 


Load Resistance: 
v 


o Renzam 
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2£- Len 
L banal) = E Ia) 
E N 
and Inductance Factor: 
D=05 A=01 


Given 
L (ru 
Es > 


1+MA+M 


Mime = M+D(D-M+DM-A-M+ DA-M) 


sol := Minern(D, A) 
p=: 


;= sol, 


Duty Cycle forSte SG: 
q(a) = M-sin(a) 


Dl) = 


Duty Cycle for SP e DP: 


Do sp(m) = 


O othermise 


Lo tarra(o)-(a(a)-A + ala) + 1) + a(a)-(A + 1) ê 
a(a)-A + q(a) + 1 

o barra(0)-(Ca(a)-A — a(a) + 1) — a(a)-(A + 1) 
—a(c)-A — q(a) + 1 


Lo barra(o)-(a(a)-A + a(o) + 1) + a(a)-(A + 1) 
a(a)-A + q(a) + 1 


O<a<r 


otherwise 


fO<a<r 
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Duty Cycle for SN e DN: 


D.. ND = 0Of0O<a<xr 
+ barra(o)-(a(a)-A — a(a) + 1) — a(a)-(A + 1) 


eso RR 


INE |V eLg+Ly(Vry + Voo] 


Minimum Current in Lm (ACF 


To aç(a | 


Armo(o) = Viy- Dec me) 3)+ + E (Dacfo) —1) 


Vo 'a) Es 
Amos = Vi —— atue (Dito) -2)+ «(eee aa d! (Dacia) —1) 


Vo cia Vo acto) caAee h, Vo Aee) 
x va + 


M(Ar morto) + Dae (Vny N+ 
re eae Sé E Lg F taa( vi + -a40m ) 


A(Az ngg2(0)) + Dac(a)-| Vpy — 


MES 


h act) = E O<a<r 


Appendix G 


215 


Máximum Current in Lm: 
pND+DVo-Vo 


Vi: Aço Vo aco) 


| Viv Dac(o) + Dacla) SE 
b ac(m) = 2 E E 
RS 
| Vir acl) + Dac(ao)- 
2 Ig 
4. Operating Stages Duration: 
Ast i 112%: 
b-N)iLç+L 
din (b-h) (Ec M) 
IN 
Ast i Cc 


Atl (a) = 


3rd i 2->0k: 


AM, (a) = AB, (a) 


eth Í 42->0 
— VyD+DVo-Vo 
— Amt Vo)£ 


(b aco -h acl) (Lg+ Ly) 
VN 


= fO<a<m 


Acto) Vo acta) 
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Bth Operating Stage (AC). 


py Dac(o) + Daclo)- E 
As ()=|"——>——»»————— O <a<m 


Ay + ad 


V, o) YV, a) 
py Dac(o) E Doo ACO + eai 


- Y 5 
A vas ad o Acta ) £ 
n 


Vo aci) Vo pacto) 
n 


otherunse 


5 


5. Intermediate Equations: 
Lm current in At6 


N(AB + At) + (At6 + At) 
Co ABIAH+A+AS 


Lm current in Até (AC) 
Y ACO(AB la) + Att, (0)) +15 ac(a)-(Ató, (a) + AtT; (a) 
Tx acto) = AB do) + Att (a) + Até (a) + AT (a) 


Output Current Validation 
I LAB + AM I E (At6 + At7 
— +) + D+ 1964 + AtT) 


a 2.n 2n 
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6. Auxiliary Switching Inductance Lg: 


eb =n)t E. a (h+b)t 
add » <p == 1+b 
LG = | [ At eao+| pe e ja 
º 


| Bits At6+ AT 
2 
(b- h) -t peso + px b): pt 
E | Atl na] ri [ts si (2a arras 2) * 
0 


2x 
1 (E aci + ac(o)pAt (o) + ( acl) —D ac(m)) (Até) + AT, (0) 

o a 

0 


argon(a = (h acto2 + actos ac(o) + acta?) Aet,la) 
Argoo) = (1, act?) (Att) + Atila) 
azgosto) = (h acta acta acta) + a(o?) (Asia) + Ata) 


2x 
Arona) + Ar coxo) + Ar cos(a) 
EGACms= |5— O 
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7. Magnetizing Inductance Lm: 


Avi Lm Current 
h +56 


ted dessa 
(bh 
de danyeos 


Average Lm Current (AC) 


2x 
1 Acto) +b acto) 


0 


A Lm Current (ACY. 


EM 
Im 


Maximum on Lm: 
LeVN 


Iç+Lm Vim mas = 6829 V 


8. Auxiliary Switching Capacitor - Cg: 
Desired Voltage Ripple: 


Ac = Veg Voa, Asics 


pa 


Em AC RMS = 


VEM max = VN — 
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2x 
[e - a é 
pa 


b acta (AB ,la) + o 
— [0 day 
2x 3T, 


9. Main Switch - S1: 
Ay Current -S1: 
ki=Icç+H6 


Lb+h)t - 
[É 1) + dt 
At6+ At” + 


o spêtas 


2T, 


Ir - 
1 | (h acto) + b. Ac(a))-Atl acl) + th. aca) =! b. aci) (Ats,c(a) + AtT (od) m 


31, 


(1 acta) + 1 acta)-Atl io) + ( acl) =D acía)) (Ató,cla) + AtT, lo) “ 
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10. Auxiliary Switch - Sg: 


by Current - 


Maximum - SG: 


VsG max = Vs1 ma 


11. Output Filter Capacitor Co: 


Desired Voltage Ripple: 
AV, = V,AVo 


12. Blocking Diode DP: 
A Current - 
Ipp=1 cale 
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A | (enc + Acid) (AB co) + Atala) + Atógelo) + Atala) — 


Im 2T.n 
s 


Ip AC 


(Le act) + Acta) (AB,cia) + Att, (a) + Até (0) + A ,(0)) » 
3Ta? 


13. Blocking Diode DN: 
A Current - Dn: 
Ipy= OA 


A Current - Dn: 


2T,n 


2 
a | (Ez aca) + b cla) (Atila) + Ata (o) + Atóge(a) + At lo)) — 


Tr 
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(Le acto) + Ac(a))(AB,(a) + Att, (o) + At6, (0) + AtT (a) E 


3T on) 


Maximum Voltage - Dn: 


ç a 3m 3m) ” 
VDN max =” end) E Vo nd JAVomo +V LM max? 


14. Switch SP: 


Ip AC RMS = IDP AC RMS 
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APPENDIX H 


APPENDIX H- CALCULATIONS FOR THE ACTIVE-CLAMPING DC/AC FLYBACK 
CONVERTER — 50 KHZ 


Active-clamping Flyback DC/AC Converter - 50 kHz 


1. Specifications: 


Input Voltage: Vny= 70V 

RMS Output Voltage: Veg= 17V 

Average Output Power. Po := 500W 

Switching Frequency: £ = 50kHz 

Current Rippie in Lm: AR mto = 50% 

Output Voltage Rippie: AV oo, = 17% 

Auxiliary Smitching Capacitor AVcG = 6% 

Voltage Ripple: 

AC Voltage Ripple: AVoç AC= 212% 

Switching Frequency Period: K> E T=20w 


2. Design Requirements: 
Modulation Index: 


Lg = 44H 


3. Preliminary Calculations: 


Average Peak Voltage: 
Vo =VÍVo 


verimemy 
ts emma 


o 


L(a):= 1, max sin(o) 
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Given 
E à dy pe D+DAM+DM-MAA + 1) 
= 1+MA+M 


2AM 
Ste Qr= DAD=-M+DM-KM+DXAD 


«ol = Minen(D,X) 
RE 
Av= soy 


Duty Cycle for Ste SG: 
a(o) = M-sin(a) 


Do tarra(o)-(a(a)-A + a(a) + 1) + a(a)-(A + 1) 
a(a)-A + q(a) + 1 

o bara(0)-(ca(a)-A — a(a) + 1) — a(a)-(A + 1) 
—a(a)- — a(a) + 1 


Da) = f0O<a<z 


otherwise 


Duty Cycle for SP e DP: 


To talo (a(o) + a(o) + D+ ato 
ac. sp(o) = dA +a(a)+1 E 


D. 


O otherwise 
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Duty Cycle for SN e DN: 


D.. (md = 0Of0O<a<m 
Jo barra()(ca(a)-A —a(a) + 1) a(o) + 1) 


otherwise 
RR Pes(3r)-0ss 
1sase FÉ 
= tease 


Vc» Negeissseço) 


É -Vo(Vpy + V.o) 


Es elo* Ly(Vi+ = 


Minimum Current in Lm (AC): 
Vo ac(o) 
Azmoi(o) = viy ACO mca) -3)+ -i nato fa o (Dale) = 1) 


Vo acta) 
Armo(o) = ip (Data) — 3)+ + [agem o acto do cla) — 1) 


7 2 
2 o) Vo acto) V. aro) 
(27 mor(od) + ams 4 AC 4 — SAC (ri «Voa 
H ac(o) = Er n rã - n gas so 
Dn 
A (27 o(a) + Dac(a)- 
Vo, e) pinos 
E o A 
Dm. eae na + Ly V (vi TA ) 


Appendix H 


226 


Máximum Current in Lm: 


E) = 


to | 


Lg£ 


Maximum Current in Lm (AC): 


myD+DV.o-Vo 


Vo acta) » Vo acto) 


4 Viv Dae(a) + Dara) E E 
2 acta) = õ Lç£ <a<m 
JV, a) Vo aro) 
VpyDyclo) + nu 2 O 
1 n n ' 
= otherwise 
2 Ig£ 
4. Operating Stages Duration: 
ist j Ni-=12% 


Ml= — 
VIN 
ist i (9)% 


Atl, (a) = 


3rd i 12->0 


2£ 
3rd Operating Stage (AC): 
(1 -Dic(o)) 


Atada) = — 


4th i 42 


AM (a) = A, (o) 
&th j 12—>0). 


co 2(Vny+ V.o)£ 


(b-hh(L6+ Im) 


(Db aci) -h acl) (Lg+ Ly) 


VnD+DVo-Vo 
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Bth Operating Stage (AC): 


V o) JV, a) 
Vpy Dica) + Di (a)- o AC( E set 


Atd)y=| "TT igoca<r 


V, a) 
(ns Tea, 


Vo acto) Vo acío) 
Vir Da (a) — Dyu(a)- Ac, Ma 


Vo acta) 
fo, 


otherse 


o) 
At ,so) = St tds 
E «o 
Vig + — SA! 
n 
Lgl acto) ds 


5. Intermediate Equations: 


Lm current in At6 
N(AS + At4) + (At6 + At) 
CO AB+AH+At6+A 


Lm current in At6 (AC) 
h. a(o (Atala) + At (0) + Db ac(a-(Ats,(a) + Atala) 


AC(o) = AB do) + Ata) + Ató,la) + At (a) 


Output Current Validation 


E das (E + L)-£(AB + AM) ” (o + L)-£(At6 + AtT) 
cale = ————————. 0 >> 


2n 2n 
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6. Auxiliary Switching Inductance Lg: 


A Current - 


Atl Arts 16417 
1 ( -hyt (2b)t (h + b)t 
EG=— ———— +l|dt+ ——— + jd + ——>—— -h id 
ms Mt (AB+ AM) + (A+ At6) + 
º o 


Atl 


p 

É 

] 
q 


Bit4 Ató+ At 
b-I 2) +55) 
[É afo-[ [sea] ae | [Eu] a 
Ad (AB + At) - (AtT + At6) — 
º o 


2x 


1 (h ac(a) E: b Ac(a))-Atl (a) + (h aç(o) E E) acto) (Até, a) + AtT (o) 
HG Ac = dm FOR eo a Pe o da 
0 


RMS Current (AC) - 
arcorto) = (1 acto)? + aclodio acto) + acto? Atlas) 
Argon(a) = (1 acto”) (Aco) + Att (a)) 


argos(a) = (1 acto)? -h acta acto) +15 pelo? (Até) + At lo) 


2% 
Arc O E a) 
eia E] LGO1 ae Argos » 
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7. Magnetizing Inductance Lm: 


Avi Lm Current 


“is 
l Ac) +b acto) 
a ão Po 


o 2 


A Lm Current (AC 


2x 
2 
I a) + 1 o) 
EM AC RMS = 1| Eras o. 


Maximum on Lm: 
IcVm 


Y EE 
LM max “IN Left 


8. Auxiliary Switching Capacitor - Cg: 


AVcG Em Ve GAVoG s AVeG=-S45ISY 
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Average Current (AC) - Cg: 


2x 
1 + ac(o(At, (o) FR At, (o) 
IG a RES; CV ECC da 


5 


b aci (A8, Lo) = 
— . ————————————| dy 
2x 31, 


9. Main Switch - S1: 


Average Current (DC) - S1: 
kj=Icg+H6 


[é + hjt 
At +AM 


2 
] 


A -S1: 


Im 
( acta) +1 ac(a)) Atl (o) + (1 acto) -D ac(a))(AtS o(a) + At7,c(o)) a 


e e 
Is AC= 57 | 27, 


31, 


AVeG 
Vsi mas = VN VC — 


(E acta) + ac(a))- Ata) + ( acl) =D ac(a)) (At6,la) + Alo) E 


Appendix H 


231 


10. Auxiliary Switch - Sg: 


E Current - 


Ig=Icg 


, 


a 


kg ac=Ig ac 


Isg AC RMS = I0G AC RMS 
Maximum Voltage - SG: 


VsG max = V51 max 


11. Output Filter Capacitor Co: 


AV, = Vo AVoo 


12. Blocking Diode DP: 


A Current - 
Ip E 1 cale 
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Average Current (AC) - Dp: 


1 É (ii aco+D aca) (AS, o) + Ata) + Ató (a) + AT, (0)) 
ce] smart 


Im 2Tçn 
º 
Current (AC) - 
(Li ac) + Ac(a)) (AB,cio) + Atá, (a) + Até, la) + AT ,a)) 
Ip AC RMS = E =———————————————————— da 


IT) 


13. Blocking Diode DN: 
Avi Current - Dn: 
Inn=9A 


RMS Current - Dr: 


2T.n 
s 


2x 
1 | (Li ac(o + aco) (At3,(a) + Ata) + Até, (0) + AtT, (0) E 


is 
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(Le acid + acl) (AB,(a) + Ato) + Até (a) + At7,e(0)) E 


2 
3T,n 


14. Switch SP: 


Average Current (DC) Sp: 
Ip =, cale 


Ip AC RMS = IDP AC RMS 
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APPENDIXI 


APPENDIXI- CALCULATION OF LOSSES FOR THE DC-AC ACTIVE- CLAMPING 
FLYBACK CONVERTER - COMPLEMENTARY SWITCHING 100 KHZ 


DC-AC Active-clamping Fi k Converter - Calculation of 
Losses 100 kkiz 

Specifications: 

P, = 500W 

Vpy = 70V 

Vo RMS = 127V 

£, = 100kHz 

Lg =2uH 

Ly = 22194H 


n=4276 


Peak t Vol 


Output Current (Linear Load): 
2P, 


a qo 


Vo max 


Tolo) = 1 max sina) 


Parameterized Current: 


2£Ign 
To param) = o Tolo) 


Modulation Index: 


= eme M=06 


2Vmw 
Equivalent Resistance: 
v 
Voltage Conversion Ratio: 
a(a) = Msin(a) 
Inductance Factor: 


Ie 
E =009 
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Duty Cycle: 

sá . a(o) — ala) 
aiii To param() a(a) - X-a(a) + 1 
me dMe-mthada-m) io 
bo param(a = q(a-m)+ig(a-m)-1 Essa 


fair 


Active-clamping Capacitor Vi E 
DXo)-Vpy 
(1 - Da) 


(m) 
Vem = vd) Vice my 


Current Values: 
[D(o)-(1 + a(o) — a(o) Vy 
2E1g 


Vegla) = 


(a) = 


o LADla) + D(o) -A — 1a(o)? + (Do) + 2D(0) - 2» - 1ya(a) + Día) Vpy 
id 2£ Lg Qala) + 1 + a(a)) 

— UCADO) + Día) -2 —1)-a(o) + Dl) Vpy 

. 2£ Lg 


Duration of the Operating Stages: 
a(a)-(1 + à) 


Ati(a)= — STO 
19 Trato) ++ a(o) 


Día) (1 + a(a)) — a(a) 


MO = aa + a(o) 


— A Dla) + Da) —A — Dia(aj? + (Do) + 2DXa) - 2 — 1-a(a) + Do) 
24:01 + a(a))-(N-a(a) — 1 + a(a)) 


a 
BS 
£ 


Aty(a): 
Current in the netizing Inductance: 


nd Vig a(a) 
ini oa + ia(a) 5] 
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“gm Ata(3) ço A 


| VN) + DP) - ao) + DXo)a(o) - Xa(o) + Da) Mato) 
tios 2 Lt (a(a) + Xa(o) + 1) 


(m) AHM ma 
no fia) PR e 
Mm" HM 5) *—» tiqma= SA 


Ave Current in the Semiconductors: 


E 
It ag” + + Co) — Ino) (teta) + Att) + (Iyta) + Ino) Aty(oi] da 
0 


IG ag = 1[ E Tire) - (a) (Ats(a) + Atg(o) | da 
o 


(x) + (a) 
Ip; + [pen nie Hana 


to [dm 


(E 


Ci ano) d 
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RMS Current Values: 


Ir ays= |— [ E My? 6016) + 6) (tg) + A) + (03? + IG) + Io?) A] da 
0 


Current in Lg: 


Argolo = (Ito) + Ito) (0) + la” | Ato) 


Aponta) = [ to)? — (a). (a) + Into)? ) Ata(o) = Atg(a)) 


Azgos(a) = (Iy(o)? - I(o) Ia) + Ito”) (Atg(o) + Atr(o)) 


Appendix | 


hGRMs= El É (Agosto) + Arco) + Arno) da 


RMS Current in both windings of the ed inductor: 
H prim RMS = HG RMS 

H sec RMS = IDP RMS 

Maximum Voltage over the semiconductors: 
Velo) = VN + Vogt) 

Vsi max = Val a] 

Vegío) = Vpy + Vogía) 

VsG max = Ysil5 | 

Vep(o) = 2-n-a(0):Vpy 

VoP mar = Vol 5 ] 

Vento) = 2n-a(0)-Vpy 

VN max = SN, E | 


Vpp(a) = n[ a(o) + ES VA 


tesao 
Vino) = m[ a(o) + —— | Voy 


onte = Von) 
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Semiconductors: 


Switches S1 e SG: IRFP4668PBF (MOSFET) 
Switches SP e SN: IKW40N65F5 (IGBT) 


Diodes DP e DN: C3DOG060A 


Calculation of Losses: 


Po 


Rpson = 0.009 + 0.01292- 
VrHoIGBT = 1.25V 
RonIGBT = 0.010 

Vrap = 0.85V 

Rp = 01259 

Psi cond = RDson Ts] RMS. 

PsG cond = RDsonIsG RMS 

Psp cond = VTHOIGBTISP avg” RolGBTISP RMS. 
Psn cond = VTHOIGBTISN ave RonlGBTIsN RMS, 


Pow cond = Pg1 cond” PSG cond” PSP cond  PSN cond 


Ps sw=0 
PsG w =0 
Psp w =0 
PN sw =0 


Pow ow = Pg ow PG ow PSP ow PSN ow 
Pow total = Psw cond * PsW sw 


Ppp cond = VroDiDP ave + RDIDP RMS. 
PDN cond = VroDIDN avg * RDÍDN RMS 
Pp cond = PDP cond * PDN cond 
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PDP w =0 
PDN sw =0 
PD w = Ppp sw + PDN sw 


Pp total = PD cond” PD ow 


RIG cu = 2698100 


PLG cond = RIG cultG RMS. 


P 
PLG mag = 1O2IW- 


PLG = FLG cond * PLG mg 


RIM cu pri 63100 

RIM cu sec = 12310722 

PrM pri cond = RIM cu pl  prim RMS 
PrM sec cond = RIM cu seclT sec RMS 


Prm = Pim pri cond 2PLM sec cond” PLM mag 


Efficiency Estimation: 


P, 
n: 


“Po Pow total” PD, total” PLG FIM Polamp sec 
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APPENDIX) 
APPENDIX J - DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER - COUPLED 
INDUCTOR 100 KHZ 

Projeto Físico do Indutor Lm - Conversor CC-CA Flyback com GA 


1.Especificações: 

Indutância 

Valor máximo de corrente 

Valor eficaz de corrente no primário 

Valor eficaz de corrente no primário (cc) 
Valor eficaz de corrente no primário (ca) 
Valor eficaz de corrente no secundário 
Valor eficaz de corrente no secundário (cc) 
Valor eficaz de corrente no secundário (ca) 
Ondulação de Corrente 

Relação de Transformação 

Fluxo de indução máximo 

Densidade máxima de corrente 

Fator de utilização da área do núcleo 
Frequência de Comutação 

2. Escolha do Núcleo: 


Lap- Tipo (iit + 2a - Lá) 
Brmux- Jmax- kw 


3. Cálculo do Número de Espiras: 


deiw= 
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No = ceil(a - Nori) 


4. Cálculo do entreferro: 
2 Pede: 
Ne po-Ae0 =) 


Lap , 

5. Cálculo da bitola do condutor: 
Toa: = 100 

Mw = 0.8 

pr=179-10 sê + 0.0039Tmax — 20)]- 2 -m 
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ae f22) 


Ropieç= 41x 


6. Cálculo das Perdas: 


6.1 Perdas no Cobre: 


Appendix J 


n 
) 
+ 
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gas Ricos Prstrsec = 2.105. W 
Pose =7371.W 


Pcobre := Probrepri + 2Pcobresec 


6.2 Perdas Magnéticas: 
3 W E 
Vauceo := 79em k=374— a:= 1.45 8=3.03 
o 
1 ! 
Ay = = 
1º >. 100000 At = + ooo 
-A 
AB = JE tm 1 
Nm-de T 
ES rc 
Paio = [| E | VE 
k 
k= 


Rad 
Gm Pa. [ (|cos(0)|)* do 
º 


a 
AB | a 
2Aty | 


aa o = E 
=| E) (ama | a+| | 
0 


0 


6.3 Perdas Totais: 


Protais = Probre + Prucleo 


Ja; e Va Rae 781 


6.4 Resistência Térmica do Núcleo: 
A Au — 0.37 


4 
em |) 


K/ K 
Ri =3.— =719.— 
tmcleo | Rinucleo W 


6.5 Elevação de Temperatura: 


Arm (e Ri [Br=seE] 
7. Possibilidade de Execução: 


— Nom - Sfoiso - ncondpri + 2Nsec - Sáoiso - Ncondsec 


E Ag min= 2315 -em 


Ay min? 


Eses — Se E==05] 
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APPENDIX K 


APPENDIX K - DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER - COUPLED 
INDUCTOR 50 KHZ 


Projeto Físico do Indutor Lm - Conversor CC-CA Flyback com GA 


1.Especificações: 

Indutância 

Valor máximo de corrente 

Valor eficaz de corrente no primário 

Valor eficaz de corrente no primário (cc) 
Valor eficaz de corrente no primário (ca) 
Valor eficaz de corrente no secundário 
Valor eficaz de corrente no secundário (cc) 
Valor eficaz de corrente no secundário (ca) 
Ondulação de Corrente 

Relação de Transformação 

Fluxo de indução máximo 

Densidade máxima de corrente 

Fator de utilização da área do núcleo 
Frequência de Comutação 

2. Escolha do Núcleo: 


Lomp - Itmpico - (Iprief + 2a - acef) 
Mna- Rush 


3. Cálculo do Número de Espiras: 


deiwi= 
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No = ceil(a - Npa) 


4. Cálculo do entreferro: 


Imp 
5. Cálculo da bitola do condutor: 
Tous = 100 
Mw = 0.8 
pr=179-10*.[1 + 0.003M Tas — 20] - 2 -m 


g 
Ê 
: 
) 
: 


Seta = EE 
ia ci 
- São | 
e cal EE 
Bond 41 -x 
mete 
Seobresae 
cam fi 


Seotreser = 9.545 x 1072. cm? 


Appendix K 


247 


6. Cálculo das Perdas: 


6.1 Perdas no Cobre: 


(Npri - Dconápri + Nose - Beondsec) - des iso 


ia Mw le 


sd cabis : i ca sda: 
EF=A- e -e - Rico o Ms e 2-sm(A) 
E a É a PRESO 
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Ricos 2 aaa Eai ie ga 


Peobre := Protrepri + 2Pcobresec 


6.2 Perdas Magnéticas: 
e 3 W E 
Vuucdeo = 79m k=3.74— ai= 145 
E 
1 
At = = 
2 - 100000 2. 100000 
lg né À, 
Nyi-de T 
( & 6! : 
Prucleo = É (é) É E AB) - Velso 
k 
h= 


(2-m) do dal R (|cos(e)])º ag 


leao Papa 


Bimçi= Pu Vincão 


6.3 Perdas Totais: 


Protais := Probre + Prucleo 


6.4 Resistência ad do Núcleo: 


E( tes) O 


Rtmdeo = 33. — r: 
em |) 


w 


6.5 Elevação de Temperatura: 


B:= 3.03 
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AT := (Pegbre + Prucleo)Rfmeleo VEETA 


7. Possibilidade de Execução: 


— Npmi- Shoiso - Bcondri + 2Nsec - Síoiso - Rcondse 
RR q 


Eses = Et Es] 


Aq mia = 2233 - em” 
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APPENDIXL 
APPENDIX L - DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER — AUXILIARY 
SWITCHING INDUCTOR 100 KHZ 


Projeto Físico do Indutor L, - Conversor Boost-Flyback 


1.Especificações: 

Indutância 

Valor máximo de corrente 

Valor eficaz de corrente 

Ondulação de Corrente 

Fluxo de indução máximo 
Densidade máxima de corrente 
Fator de utilização da área do núcleo 
Frequência de Comutação 


2. Escolha do Núcleo: 


4. Cálculo do entreferro: 


Ne - po: de [1072 =) 
És comia ni NE 
5. Cálculo da bitola do condutor: 


lemgregerro * 


Tras = 100 


Ny = 0.8 
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pr=179- 107*.[1 + 0.0039 Tay — 20)]- 2 -m 


Pr 
dy = 
T-Ho- É 
Diâmetro do Fio: 


6. Cálculo das Perdas: 


6.1 Perdas no Cobre: 


tos 


” 


Appendix L 


252 


Pegtre = Roc" ler 

6.2 Perdas Magnéticas 
wW 

Vuuceo = 5.35em E aa a:= 153 B=2.5 
nm 


Ah=738x10*  Ag=1702x10* 


A 
Ea 
[a À Lo 


RR: 8 
Poco = 177) “(5 -48) “Veto 
k 


lx 
qua ra (Icosço)|)* ao 


AB-028 
Pro = 0821. W 

£ 

ABr er-[e7) EE 
Paste = 0962-W 
Basa dd 


Bentni= Pé - Vancdao 


6.3 Perdas Totais: 


Prais = Pague + Paxko 
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6.4 Resistência Térmica do Núcleo: 


—037 


=2 E (Aew) =25747. É 
Remo = 8 ari Rigo = 25747. 
6.5 Elevação de Temperatura: 


fábio EEE] 
7. Possibilidade de Execução: 


— Ne: Sáoiso - Rcond . 
Ze mio = ke Ag min = 0.746 - em” 


| 
i 
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APPENDIX M 
APPENDIX M- DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER — AUXILIARY 
SWITCHING INDUCTOR 50 KHZ 


Projeto Físico do Indutor Ly - Conversor Boost-Flyback 


1.Especificações: 


Ondulação de Corrente 

Fluxo de indução máximo 
Densidade máxima de corrente 
Fator de utilização da área do núcieo 
Frequência de Comutação 

2. Escolha do Núcleo: 


= Lico Ir 
Bras - Tas Eu 


Núcieo Escolhido: ETD29N97 |] 
3. Cálculo do Número de Espiras: 


4. Cálculo do entreferro: 


2 -2m 
| Nº. ve: A (16 ES 
ia E 
5. Cálculo da bitola do condutor: 


Tous > 100 


Ny = 0.8 
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pr=179-107*.[1 +/0.003M Tags — 20)]- 92-m 


6. Cálculo das Perdas: 


6.1 Perdas no Cobre: 


Appendix M 


Ra = Fr-Rec 
Pobre = Roc Ter 
6.2 Perdas Magnéticas: 
- 3 sd 
Vanceo = 5.35em k=0478— 
o 
16 E -6 
Am = 14x 10 Aty:= 6x 10 
ae Lr- Ala 1 
Ne-Ã T 
O B 
= Er, psad==+ a ie=0a V 
Pece=t (72) “(5-48) Vino 


t 


E 4 Ba AB)” 
m=[ | (AB) | (56) * 
o 
Bom: Vic 
6.3 Perdas Totais: 


Protais = Prim + Fuitis 
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6.4 Resistência Térmica do Núcleo: 


6.5 Elevação de Temperatura: 
AT := (Probre + Prucieo)Rtrurieo 
7. Possibilidade de Execução: 


Ne- Sáoiso - 
Avqia= = 


Aq min = 0.731. cm” 
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APPENDIX N 


APPENDIX N - DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER - PCB 
LAYOUT 


BND 


23355 2333 
“mas ] |) “4 
O 


BS990308 
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